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Abstract — Invasive  red  lionfish  (Pter¬ 
ois  volitans )  have  spread  rapidly 
throughout  the  northern  Gulf  of  Mex¬ 
ico  (GOM)  partly  because  of  their  high 
growth  rate.  Red  lionfish  were  col¬ 
lected  from  the  northern  GOM  across 
3  ecological  regions  from  2012  through 
2015.  For  male  and  female  red  lion¬ 
fish,  relationships  between  weight 
and  total  length  (TL)  were  different 
by  ecological  region.  Males  achieved  a 
greater  mean  weight  adjusted  for  TL 
(333.6  g  [standard  error  (SE)  3.6])  than 
females  (195.1  g  [SE  3.7]).  A  subsample 
of  1607  pairs  of  sagittal  otoliths  (from 
744  males,  716  females,  and  147  fish 
of  unknown  or  undetermined  sex)  was 
used  to  assign  ages.  Ages  ranged  from 
0.0  to  4.5  years  (mean:  1.4  years),  and 
these  estimated  ages  and  the  dates 
of  capture  for  specimens  confirm  the 
presence  of  red  lionfish  in  the  northern 
GOM  in  2008,  2  years  prior  to  the  first 
detection  of  this  species  there.  There 
were  differences  in  age  and  growth 
between  sexes  within  and  among  eco¬ 
logical  regions,  with  males  achieving 
higher  growth  rates  and  larger  asymp¬ 
totic  lengths  than  females  (all  compar¬ 
isons:  P<0.01).  These  findings,  coupled 
with  other  life  history  information, 
aid  in  discerning  differences  in  distri¬ 
bution  of  red  lionfish  populations  and 
are  essential  for  creating  management 
plans  for  mitigation  of  their  effects  on 
ecosystems. 
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The  invasive  red  lionfish  ( Pterois  vol¬ 
itans)  and  devil  firefish  ( P.  miles)  have 
been  reported  as  established  in  U.S. 
waters  of  the  western  North  Atlan¬ 
tic  Ocean  and  in  the  Caribbean  Sea, 
and  the  red  lionfish  has  been  found  in 
the  Gulf  of  Mexico  (GOM)  (Morris  and 
Akins,  2009;  Schofield,  2010;  Fogg  et  al., 
2017);  however,  the  devil  firefish  has  not 
yet  been  detected  in  the  GOM  (Johnson 
et  al.,  2016).  It  is  difficult  to  distinguish 
between  these  2  species  except  through 
genetic  analysis,  and  data  from  previous 
studies  are  not  necessarily  separated 
by  species.  Therefore,  throughout  this 
paper,  we  use  the  term  lionfish  to  refer 
to  specimens  that  are  not  identified  to 
species  but  are  a  potential  combination 
of  red  lionfish,  devil  firefish,  and  hybrids 
between  the  2  species. 


4  Center  for  Fisheries  Research  and  Development 
School  of  Ocean  Science  and  Engineering 
University  of  Southern  Mississippi 
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Ocean  Springs,  Mississippi  39564 
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Southeast  Fisheries  Science  Center 
National  Marine  Fisheries  Service,  NOAA 
3209  Frederic  Street 

Pascagoula,  Mississippi  39567 


Lionfish  were  first  documented  in 
the  United  States  off  Dania  Beach, 
on  the  eastern  coast  of  Florida,  in 
1985  (U.S.  Geological  Survey,  Nonin- 
digenous  Aquatic  Species  Database, 
website,  accessed  December  2015) 
and  later  documented  in  the  GOM  in 
2009  (Aguilar- Perera  and  Tuz-Sulub, 
2010;  Nonindigenous  Aquatic  Species 
Database,  accessed  December  2015). 
By  2012,  lionfish  were  commonly  cap¬ 
tured  in  the  northern  GOM  (Fogg  et  al., 
2013),  and  histological  evidence  of 
spawning-capable  lionfish  in  the  north¬ 
ern  GOM  was  first  observed  from  fish 
captured  in  May  2012  (Brown-Peterson 
and  Hendon,  2013).  Efforts  to  research 
lionfish  species  have  increased  as  their 
invasion  has  expanded,  but  most  work 
has  focused  on  the  effects  of  lionfish 
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species  on  native  fish  species  and  coral  reef  communities 
(Dahl  and  Patterson,  2014;  Albins,  2015;  Benkwitt,  2015; 
Ingeman  and  Webster,  2015;  Rocha  et  al.,  2015;  Acero 
et  ah,  2019)  and  on  aspects  of  landscape-level  movements 
among  reef  systems  and  invasion  control  efforts  (Frazer 
et  ah,  2012;  Green  et  ah,  2014;  Tamburello  and  Cote,  2015). 
Results  from  a  recent  study  indicate  that  red  lionfish  have 
unique  morphological  functional  traits  that  reduce  the 
theoretical  ecological  space  of  5  coral  reef  mesopredators 
of  the  Caribbean  Sea  (Rojas-Velez  et  ah,  2019).  However, 
data  are  limited  for  age  and  growth  of  lionfish  species 
throughout  the  geographic  range  that  they  have  invaded. 

Knowledge  of  weight-length  relationships,  size  and  age 
structure,  and  growth  patterns  are  important  for  the  suc¬ 
cessful  assessment  and  management  of  species.  This  infor¬ 
mation  can  also  be  used  to  assess  the  effects  of  invasive 
species  on  native  species  and  the  ecosystems  they  inhabit. 
For  example,  although  data  such  as  weight-length  relation¬ 
ships  are  generally  useful  for  quantifying  changes  in  size  or 
age  structure  that  relate  to  potential  overexploitation  of  a 
species  (Berkeley  et  al.,  2004;  Dulvy  et  al.,  2004),  such  data 
also  could  be  used  as  indicators  of  success  in  management 
of  invasive  species  (Pasko  and  Goldberg,  2014).  Addition¬ 
ally,  weight-length  relationships  could  be  used  to  exam¬ 
ine  changes  in  population  structure  during  post-culling 
activities  or  following  large-scale  disease  or  environmental 
perturbation  (e.g.,  an  algal  bloom).  Although  a  number  of 
studies  have  reported  basic  weight  and  length  data  for  inva¬ 
sive  lionfish  (Barbour  et  al.,  2011;  Fogg  et  al.,  2013;  Dahl 
and  Patterson,  2014;  Edwards  et  al.,  2014;  Sabido-Itza  et  al., 
2016),  few  make  comparisons  between  regions  or  sexes. 

Estimations  of  age  and  growth  relationships  for  species 
within  invaded  geographic  ranges  are  important  for  describ¬ 
ing  spatially  explicit  variation  in  life  history.  Larger  and 
older  fish  tend  to  affect  ecosystems  differently  than  smaller 
and  younger  individuals  because  diet  and  habitat  use  can 
change  with  age  and  size  (Curtis  et  al.,  2017;  Mizrahi  et  al., 
2017;  Garcia-Rivas  et  al.,  2018).  Age  and  growth  patterns 
of  lionfish  vary  geographically.  Johnson  and  Swenarton 
(2016)  verified  their  length-based  model  outputs  with  ages 
determined  from  a  subsample  of  100  sectioned  otoliths  from 
fish  (age  0-3;  maximum  size  of  342  mm  in  total  length  [TL] ) 
captured  offshore  of  Jacksonville,  Florida.  Additional  infor¬ 
mation  from  other  studies  conducted  outside  of  the  COM 
illustrates  this  variation.  Lionfish  captured  in  Onslow 
Bay,  North  Carolina,  had  a  maximum  age  of  8  years,  with 
more  than  90%  of  these  fish  (number  of  samples  examined 
[n]=814)  <3  years  old  (Potts  et  al.,  2010;  Barbour  et  al.,  2011). 
Two  red  lionfish  collected  off  the  coast  of  South  Carolina,  at 
sizes  of  352  and  389  mm  TL,  were  determined  to  be  5  and  6 
years  old,  respectively  (Meister  et  al.,  2005). 

Limited  data  from  regions  in  the  GOM  and  the  Caribbean 
Sea  indicate  similar  variation.  Red  lionfish  collected  from 
the  Dry  Tortugas  in  the  Florida  Keys  had  a  maximum  age  of 
7  years  (Dubel1).  Rodriguez-Cortes  et  al.  (2015)  provided  the 


1  Dubel,  A.  M.  2017.  Age  structure  and  growth  of  lionfish  ( Pterois 
volitans ):  the  Dry  Tortugas  National  Park.  Internship  Rep.  32, 
40  p.  Univ.  Miami,  Miami,  FL.  [Available  from  website.] 


first  growth  and  mortality  estimates  for  the  southern  region 
of  the  GOM  (Mexico),  although  the  modeled  lengths  of  red 
lionfish  (n=776;  range:  90-389  mm  TL)  from  that  study  were 
not  verified  by  using  otoliths.  Edwards  et  al.  (2014),  using 
otoliths  from  110  male  and  128  female  lionfish  captured  off 
Little  Cayman,  found  a  maximum  age  of  only  5  years  and 
confirmed  annual  annuli  formation  for  fish  from  that  region 
of  the  Caribbean  Sea.  However,  no  ages  determined  from 
analysis  of  wild-caught  lionfish  are  as  old  as  the  ages  of  lion¬ 
fish  held  in  captivity  (30-33  years;  Potts  et  al.,  2010). 

Lionfish  species  have  invaded  different  regions  of  the 
GOM  and  the  Caribbean  Sea  at  different  times  (Schof¬ 
ield,  2010)  and  can  be  found  in  vastly  different  ecosystems 
(Barbour  et  al.,  2010;  Jud  et  al.,  2011;  Claydon  et  al.,  2012; 
Ruttenberg  et  al.,  2012)  and  different  densities  (Green  and 
Cote,  2009;  Darling  et  al.,  2011;  Dahl  and  Patterson,  2014). 
Therefore,  we  expected  that  age  and  growth  parameters 
would  vary  by  location,  a  notion  that  Villasenor-Derbez  and 
Fitzgerald  (2019)  have  since  verified.  Additionally,  rapid 
growth  rates  generally  lead  to  successful  invasion  of  an  area 
by  a  species;  therefore,  it  is  important  to  estimate  growth  rates 
(Copp  and  Fox,  2007).  Although  age  and  growth  data  have 
been  reported  for  portions  of  the  invaded  geographic  range, 
growth  of  red  lionfish  could  differ  between  the  southern  and 
northern  regions  of  their  non-native  range  (Barbour  et  al., 
2011).  Therefore,  we  hypothesized  that  the  age  structure  of 
red  lionfish  is  much  younger  in  the  northern  GOM  than  in 
other  invaded  regions  where  they  have  been  established  for 
a  longer  period.  The  goal  of  this  study  was  to  determine  if 
differences  in  weight  and  length  and  in  age  and  growth  rela¬ 
tionships  exist  by  sex  or  across  the  northern  GOM. 

Materials  and  methods 

Initially,  we  did  not  identify  our  specimens  to  species, 
instead  putting  them  in  a  complex  that  comprises  both 
Pterois  volitans  and  P.  miles  because  it  was  unknown  at 
the  beginning  of  our  study  if  both  species  occurred  in  the 
GOM  (Hamner  et  al.,  2007;  Brown-Peterson  and  Hendon, 
2013;  Fogg  et  al.,  2013)  or  if  there  were  hybrids  in  the 
GOM.  Results  from  subsequent  work,  including  a  study 
that  used  specimens  we  provided  for  genetic  analysis, 
indicate  that  the  red  lionfish  is  the  only  species  detected 
to  date  in  the  northern  GOM  (Johnson  et  al.,  2016).  There¬ 
fore,  we  identify  all  specimens  that  we  collected  in  the 
northern  GOM  throughout  our  study  as  P.  volitans. 

From  2012  through  2015,  red  lionfish  were  collected 
opportunistically  every  month  (for  details  about  speci¬ 
men  collection,  see  Fogg  et  al.,  2017)  across  3  ecological 
regions  (or  ecoregions)  of  the  northern  GOM:  southeast 
(from  the  Florida  Keys  north  to  Anclote  Keys,  Florida), 
northeast  (from  the  Anclote  Keys  north  to  Mobile  Bay, 
Alabama),  and  central  (west  of  Mobile  Bay  to  Galveston 
Bay,  Texas;  1  fish  was  collected  west  of  Galveston  Bay) 
(Fig.  1).  Clearly  identified,  ecologically  relevant  ecoregions 
in  the  GOM  and  the  Caribbean  Sea  vary  and  are  debated 
because  authors  use  somewhat  different  environmental 
data  and  quantitative  approaches  to  delineate  ecoregions 
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Figure  t 

Map  of  the  locations  (black  dots)  and  ecological  regions  (ecoregions)  where  red 
lionfish  ( Pterois  volitans )  were  sampled  from  2012  through  2015  in  the  north¬ 
ern  Gulf  of  Mexico.  Three  ecoregions  were  sampled  in  this  study:  southeast 
(Florida  Keys  north  to  Anclote  Keys,  Florida),  northeast  (Anclote  Keys  north 
to  Mobile  Bay,  Alabama),  and  central  (west  of  Mobile  Bay  to  Galveston  Bay, 
Texas).  The  gray  lines  indicate  depth  contours  from  10  to  200  m. 


(e.g.,  Sullivan  Sealey  and  Bustamante,  1999;  Yanez- 
Arancibia  and  Day,  2004;  Spalding  et  al.,  2007;  Robertson 
and  Cramer,  2014).  Most  ecoregions  are  identified  on  the 
basis  of  known  biogeographic  criteria,  such  as  thermal 
regimes,  habitat,  floral  and  faunal  assemblage  composi¬ 
tion,  sediment  structure,  currents  and  bathymetry,  and 
coastal  structural  complexity. 

The  northern  tip  of  the  Anclote  Keys  off  the  western 
coast  of  Florida,  for  example,  has  been  identified  as  a 
point  of  a  north-south  ecoregion  break  (Beck  and  Odaya, 
2001;  Beck,  2003;  Spalding  et  al.,  2007)  in  the  northern 
GOM.  This  boundary  between  the  southeast  and  north¬ 
east  ecoregions  is  used  mostly  because  of  the  thermal  dif¬ 
ferences  between  the  2  ecoregions;  in  the  winter  months, 
water  temperatures  are  consistently  lower  in  the  north¬ 
east  ecoregion  than  in  the  southeast  ecoregion  (tempera¬ 
ture  data  were  obtained  from  NOAA’s  National  Data  Buoy 
Center,  website).  The  Mississippi  River  often  is  used  to 
divide  the  northern  GOM  into  east  and  west  ecoregions; 
however,  we  follow  the  ecoregion  delineation  based  on 
Beck  (2003)  and  Yanez-Arancibia  and  Day  (2004),  dividing 
our  study  area  into  central  and  northeast  ecoregions.  Our 
northeast  ecoregion,  which  is  considered  the  east  ecoregion 
by  Beck  and  Odaya  (2001),  Beck  (2003),  and  Yanez-Aran¬ 
cibia  and  Day  (2004),  is  characterized  by  less  freshwater 
input,  sandier  sediments,  and  enhanced  water  clarity  com¬ 
pared  with  the  central  ecoregion  where  increased  fresh¬ 
water  input,  lower  salinities,  and  muddy  sediment  input 


dominate.  The  northeast  ecoregion  is  dominated  by  sea- 
grass  meadows,  but  the  central  ecoregion  is  mainly  salt 
marsh  (Beck,  2003;  Yanez-Arancibia  and  Day,  2004). 

Total  length,  measured  in  millimeters,  and  total  weight, 
measured  in  grams,  were  recorded,  and  weight-length  rela¬ 
tionships  were  calculated  by  sex  and  ecoregion.  These  data 
were  used  to  estimate  the  weight-length  power  functions. 
The  weight-length  data  were  log  transformed  (base  10) 
prior  to  an  analysis  of  covariance  (ANCOVA),  with  TL  as 
the  covariate.  An  ANCOVA  was  first  completed  for  each 
sex  separately,  comparing  the  weight-length  relationships 
found  across  each  of  the  3  ecoregions.  If  no  significant  differ¬ 
ences  were  found  across  ecoregions,  data  were  pooled  and  a 
second  ANCOVA  was  completed  to  compare  weight-length 
relationships  for  each  ecoregion  by  sex.  If  the  weight-length 
relationships  for  any  ANCOVA  violated  the  homogeneity 
of  slopes  assumption  (parallelism),  separate  models  were 
used.  The  estimated  marginal  means  from  these  analyses 
were  used  to  make  comparisons  between  sexes  of  weight 
adjusted  for  mean  TL.  All  ANCOVA  were  completed  by 
using  SPSS  Statistics2,  vers.  20  (IBM  Corp.,  Armonk,  NY). 

The  sagittal  otoliths  were  removed  from  red  lionfish,  and 
the  left  otolith  was  embedded  and  sectioned  to  a  300-pm 
thickness  following  Secor  et  al.  (1991).  Prepared  otoliths 


2  Mention  of  trade  names  or  commercial  companies  is  for  identi¬ 
fication  purposes  only  and  does  not  imply  endorsement  by  the 
National  Marine  Fisheries  Service,  NOAA. 
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Table  1 

Comparisons  of  weight-length  relationships  of  red  lionfish  ( Pterois  volitans)  for  each  ecological  region  (ecoregion)  sampled  in  the 
northern  Gulf  of  Mexico  from  2012  through  2015:  southeast  (Florida  Keys  north  to  Anclote  Keys,  Florida),  northeast  (Anclote  Keys 
north  to  Mobile  Bay,  Alabama),  and  central  (west  of  Mobile  Bay  to  Galveston  Bay,  Texas).  (A)  Regression  equations  for  comparisons 
by  sex  within  each  ecoregion.  (B)  Pairwise  comparisons  by  sex  between  ecoregions.  Between-sex  and  between-ecoregion  compari¬ 
sons  of  weight  (W)  were  evaluated  by  using  analysis  of  covariance  with  total  length  (TL)  as  the  covariate. 


Ecoregion 

Male 

Female 

Comparison 

n 

Regression  equation 

n 

Regression  equation 

Southeast 

857 

W  =  2.00  x  10 -6(TL)3-34 

671 

W=  1.00  x  10~6( TL)3  44 

F,  ,„S=12.68,P<0.001 

Northeast 

1181 

W  =  3.00  x  10 -6(TL)3-26 

1239 

W  =  3.00  X  10~6(TL)3-30 

F,  949n=2.32,  P=0.128 

Central 

368 

W  =  3.00  X  10-6(7T,)3-30 

354 

W  =  2.00  X  10 -6(TL)3Al 

F4  722=6.84,  P=0.090 

Pooled 

2406 

W  =  3.00  x  KT6(TL)3-29 

2264 

W  =  2.00  X  10’6( TL)3-37 

FW67o=2:L.96,P<0.001 

B 

Ecoregion  comparison 

Males 

Females 

Southeast  vs.  northeast 

Ft  9oos=8.16,  P=0.004 

F,  1Qin=27.72,  P<0.001 

Northeast  vs.  central 

Fj  1549=1.42,  P=0.223 

F 1  1593=10.19,  p=0.001 

Southeast  vs.  central 

F i  j225=0.86,  P=0.354 

F1  1025=0.61,  P=0.436 

Pooled  ecoregions 

F 2.2406=4- 17,  P=0.015 

F2,2264=15-88>  P<0.001 

were  read  by  2  independent  readers  to  assign  age  infor¬ 
mation.  The  average  percent  error  (APE)  between  readers 
was  estimated  following  Vanderkooy  and  Guindon-Tisdel3. 
Otolith  sections  had  2  distinct  band  types,  with  the  opaque 
bands  formed  during  slow  growth  periods  and  the  trans¬ 
lucent  bands  formed  during  periods  of  faster  growth  (see 
fig.  7  in  Fogg,  2017;  Vanderkooy  and  Guindon-Tisdel3).  Any 
otoliths  with  discrepancies  in  ages  between  the  2  readers 
were  reexamined,  and  if  a  consistent  age  could  not  be 
determined  for  an  otolith,  it  was  removed  from  analysis. 
Following  agreement  on  an  age,  marginal  increment  anal¬ 
ysis  was  conducted  by  measuring  marginal  increments  (to 
the  nearest  0.001  mm)  and  comparing  them  to  the  width 
of  the  previous  complete  annuli  by  using  the  following 
equation  (Tanaka  et  al.,  1981):  C=Wn/Wn_1,  where  C  is 
the  index  of  completion,  Wn  is  the  width  of  the  marginal 
increment,  and  Wn_1  is  the  width  of  the  previous  complete 
annulus.  This  method  was  used  to  confirm  the  periodic¬ 
ity  of  annuli  formation.  To  determine  ages  when  the  most 
recent  band  was  incomplete  (indicating  only  a  partial  year 
of  growth),  we  assigned  one  of  4  otolith  margin  codes  to 
the  incomplete  outer  ring,  as  viewed  under  transmitted 
light  (Vanderkooy  and  Guindon-Tisdel3):  1  (opaque),  2  (1/3 
translucent),  3  (1/2  translucent),  and  4  (2/3  translucent). 
Each  marginal  code  equals  0.25  years. 

Because  our  sample  collections  lacked  smaller  fish 
(<100  mm  TL),  a  truncated  normal  distribution  was  used 
to  fit  a  3-parameter  von  Bertalanffy  growth  curve  to  the 


3  VanderKooy,  S.,  and  K.  Guindon-Tisdel.  2003.  A  practical  hand¬ 
book  for  determining  the  age  of  Gulf  of  Mexico  fishes.  Gulf  States 
Mar.  Fish.  Commission  Publ.  Ill,  109  p.  [Available  from  website.] 


age  data,  and  separate  model  parameters  were  determined 
for  each  sex  and  ecoregion  for  comparison  (Diaz  et  al.4). 
Because  the  von  Bertalanffy  growth  curve  is  nonlinear,  a 
sum  of  squares  reduction  test  (Schabenberger  and  Pierce, 
2002)  was  used  with  statistical  software  SAS  (vers.  9.4; 
SAS  Institute,  Inc.,  Cary,  NC),  instead  of  a  traditional  anal¬ 
ysis  of  variance  to  determine  if  there  were  differences  in 
growth  between  ecoregions  and  sexes  by  comparing  non¬ 
linear  trends  between  groups  (a=0.05).  The  sum  of  squares 
reduction  test  was  conducted  by  fitting  a  full  and  reduced 
model  to  the  data.  The  test  statistic  (F)  was  calculated  fol¬ 
lowing  this  equation:  F=[(SSRR-SSRF)/(DFRR-DFRF)]/ 
MSRF,  where  SSRR  and  SSRF  are  the  residual  sums 
of  squares  from  the  reduced  and  full  model,  respectively, 
DFRR  and  DFRF  are  the  residual  degrees  of  freedom  for 
the  reduced  and  full  model,  respectively,  and  MSRF  is  the 
mean  sum  of  squares  from  the  full  model.  This  test  evalu¬ 
ates  the  SSRF  when  the  SSRR  is  removed  from  the  model. 

Results 

The  slopes  of  the  weight-length  relationships  for  male 
and  female  red  lionfish  were  significantly  different  within 
the  southeast  ecoregion  and  did  not  differ  in  the  2  other 
ecoregions  (ANCOVA:  Fx  1528=12.68,  P<0.001)  (Table  1A, 
Fig.  2).  The  weight-length  relationships  from  data  pooled 


4  Diaz,  G.  A.,  C.  E.  Porch,  and  M.  Ortiz.  2004.  Growth  models  for  red 
snapper  in  U.S.  Gulf  of  Mexico  waters  estimated  from  landings 
with  minimum  size  limit  restrictions.  Southeast  Data  Assess¬ 
ment  and  Review  SEDAR7-AW-01, 13  p.  [Available  from  website.] 
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Figure  2 

Weight-length  relationships  by  ecological  region  (ecoregion)  for  (A)  male  and  (B)  female 
red  lionfish  (Pterois  volitans )  collected  from  2012  through  2015  in  the  northern  Gulf  of 
Mexico.  Circles  indicate  data  for  fish  collected  in  the  southeast  ecoregion  (Florida  Keys 
north  to  Anclote  Keys,  Florida),  squares  indicate  data  for  fish  from  the  northeast  ecore¬ 
gion  (Anclote  Keys  north  to  Mobile  Bay,  Alabama),  and  triangles  indicate  data  for  fish 
from  the  central  ecoregion  (west  of  Mobile  Bay  to  Galveston  Bay,  Texas).  i?2=coefficient 
of  multiple  determination. 


across  all  3  ecoregions  for  red  lionfish  had  significantly 
different  slopes  by  sex  (ANCOVA:  F1 4670=21.96,  P<0.001; 
Table  1A),  indicating  that  females  had  a  steeper  weight- 
length  relationship  than  males  (Table  1A,  Fig.  3)  and, 
therefore,  had  a  greater  weight  at  a  given  TL.  Pairwise 
comparisons  of  weight-length  relationships  by  ecore¬ 
gion  (Table  IB)  revealed  a  significant  difference  for  male 
red  lionfish  only  between  the  southeast  and  northeast 
ecoregions  (ANCOVA:  Fi;2038=8.16,  P=0.004;  Table  IB); 
whereas,  significant  differences  were  observed  for  female 
red  lionfish  in  all  comparisons  between  ecoregions  except 
between  the  southeast  and  central  ecoregions  (ANCOVA: 
Fi ,io25=^-61>  P-0.436;  Table  IB).  However,  in  all  ecore¬ 
gions,  males  attained  larger  weights  when  adjusted  for  TL 
than  females  (Table  2).  For  a  number  of  comparisons  of 
ecoregions  (Table  IB),  weight-length  relationships  were 
significantly  different,  but  the  differences  in  weight  were 
minimal  on  the  basis  of  their  estimated  marginal  means 


adjusted  for  TL  (females:  18.21  g;  males:  22.75  g;  Table  2), 
and  male  red  lionfish  achieved  a  greater  mean  weight 
(333.62  g  [standard  error  (SE)  3.58])  compared  to  females 
(195.13  [SE  3.69])  (Table  2). 

From  the  4250  pairs  of  otoliths  that  were  extracted, 
a  subsample  of  1607  pairs  of  otoliths  (744  males,  716 
females,  and  147  fish  of  unknown  or  undetermined  sex) 
were  randomly  selected  and  processed  from  red  lionfish 
ranging  in  size  from  81  to  434  mm  TL.  Age  agreement  was 
reached  for  1412  pairs  of  otoliths  (87.9%)  from  that  subsa¬ 
mple.  The  APE  for  analysis  of  otoliths  from  the  southeast 
ecoregion  was  7.7,  the  APE  for  the  northeast  ecoregion  was 
14.2,  and  the  APE  for  the  central  ecoregion  was  11.7.  With 
analysis  results  from  all  3  ecoregions  pooled,  the  APE 
between  readers  was  12.1.  Annual  increment  formation 
was  confirmed  by  using  marginal  increment  analysis,  with 
marginal  increment  widths  most  complete  in  May  and 
gradually  decreasing  until  a  minimum  index  of  completion 
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Figure  3 

Weight-length  relationships  for  male  (squares)  and  female  (triangles)  red  lionfish  ( Pter - 
ois  volitans )  collected  from  2012  through  2015  in  the  northern  Gulf  of  Mexico.  Data  are 
pooled  for  all  sampled  ecological  regions.  7?2=coefficient  of  multiple  determination. 


Table  2 

Estimated  marginal  mean  weight,  in  grams  and  adjusted  for  total  length  in  millime¬ 
ters,  for  invasive  red  lionfish  ( Pterois  volitans)  collected  from  2012  through  2015  in 
3  ecological  regions  (ecoregions)  in  the  northern  Gulf  of  Mexico:  southeast  (Florida 
Keys  north  to  Anclote  Keys,  Florida),  northeast  (Anclote  Keys  north  to  Mobile  Bay, 
Alabama),  and  central  (west  of  Mobile  Bay  to  Galveston  Bay,  Texas).  Estimates  are 
given  for  females,  males,  and  sexes  pooled  with  standard  errors  of  the  mean  (SEs)  in 
parentheses. 


Sex 

Ecoregion 

n 

Estimated  weight  (SE) 

Female 

Southeast 

668 

187.98(1.69) 

Female 

Northeast 

1227 

193.88(1.22) 

Female 

Central 

348 

206.19  (2.35) 

Female 

Pooled 

2243 

195.13  (3.69) 

Male 

Southeast 

844 

325.20(2.36) 

Male 

Northeast 

1101 

334.50  (2.01) 

Male 

Central 

346 

347.95  (3.61) 

Male 

Pooled 

2291 

333.62  (3.58) 

Pooled 

Southeast 

1512 

258.75  (4.79) 

Pooled 

Northeast 

2328 

253.52  (3.86) 

Pooled 

Central 

694 

294.96  (7.07) 

was  reached  in  October  and  November,  indicating  the 
beginning  of  annuli  formation  (Fig.  4).  Ages  of  red  lion¬ 
fish  ranged  from  0.5  to  4.5  years  (Fig.  5),  with  93%  of  aged 
red  lionfish  <2  years  old.  The  smallest  and  youngest  spec¬ 
imen  collected  in  this  study  was  a  81-mm-TL,  0.5-year- 
old  fish  of  unknown  sex,  and  the  oldest  specimen  was  a 
380-mm-TL,  4.5-year-old  male.  The  largest  fish  collected 
was  a  434-mm-TL  male,  but  its  estimated  age  was 
3.5  years.  The  state  record  for  the  longest  lionfish  caught 


in  the  northern  GOM  (459  mm  TL)  was  for  a  fish  collected 
off  Pensacola,  Florida  (record  available  from  website). 

There  were  significant  differences  in  age  and  growth 
parameters  by  sex  and  by  ecoregion  (all  comparisons: 
P<0.001;  for  comparisons  of  modeled  estimates  with  the 
sum  of  squares  reduction  test,  see  Table  3;  for  observed 
values,  see  Figure  6).  Female  red  lionfish  from  the  south¬ 
east  ecoregion  had  the  highest  growth  rate  ( K)  and  asymp¬ 
totic  length  (L  J  and  achieved  a  greater  length  at  age  than 


Fogg  et  al.:  Age  and  growth  of  invasive  Pterois  volitans  in  the  northern  Gulf  of  Mexico 


131 


Age  (years) 

Figure  5 

Age-frequency  distribution  of  male  and  female  red  lionfish  ( Pterois  volitans) 
collected  from  the  northern  Gulf  of  Mexico  from  2012  through  2015. 


females  in  the  other  2  ecoregions  (Table  3A,  Fig.  6A). 
Similarly,  male  red  lionfish  from  the  southeast  ecore- 
gion  also  had  the  highest  K  and  L„  values  and  achieved  a 
greater  length  at  age  than  males  in  the  other  2  ecoregions 
(Table  3A,  Fig.  6B).  Data  pooled  by  sex  revealed  a  similar 
pattern,  with  the  highest  K  and  Lx  values  estimated  for 


red  lionfish  from  the  southeast  ecoregion  and  lowest  val¬ 
ues  estimated  for  red  lionfish  from  the  central  ecoregion 
(Table  3A,  Fig.  6C).  Separate  comparisons  were  made  by 
sex  for  each  ecoregion,  with  male  red  lionfish  achieving 
higher  K  and  values  than  females  in  all  3  ecoregions 
(all  comparisons:  P<0.05;  Table  3B,  Fig.  7,  A-C).  Model 
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Table  3 

Estimates  of  von  Bertalanffy  growth  curve  parameters  for  invasive  red  lionfish  ( Pterois  volitans )  collected  from  2012  through  2015 
in  3  ecological  regions  (ecoregions)  in  the  northern  Gulf  of  Mexico:  southeast  (SE;  Florida  Keys  north  to  Anclote  Keys,  Florida), 
northeast  (NE;  Anclote  Keys  north  to  Mobile  Bay,  Alabama),  and  central  (C;  west  of  Mobile  Bay  to  Galveston  Bay,  Texas).  The 
parameters  are  growth  rate  (K),  asymptotic  length  (L„,  given  in  millimeters  in  total  length),  and  theoretical  age  when  the  length 
is  zero  (t0).  (A)  Comparisons  among  ecoregions  by  sex.  (B)  Comparisons  between  sexes  by  ecoregion.  A  sum  of  square  reduction  test 
was  used  to  determine  differences  in  growth  between  ecoregions  and  sex  by  comparing  nonlinear  trends  between  groups  (a  -0.0b;. 


Pooled 

Female 

Male 

Parameter 

SE 

NE 

C 

SE 

NE  C 

SE 

NE 

C 

K 

0.569 

0.544 

0.539 

0.574 

0.549  0.542 

0.576 

0.547 

0.543 

423.0 

393.0 

389.0 

382.0 

366.8  360.9 

426.0 

394.4 

390.7 

*0 

-0.155 

-0.079 

-0.341 

-0.165 

-0.089  -0.350 

-0.170 

-0.086 

-0.354 

^12,1412=27.143,  PcO.OQl 

^12,626=7.303,  P<0.001 

Pl2, 695=12.606,  P<0.0Q1 

B 

Southeast 

Northeast 

Central 

Pooled 

Parameter 

Male 

Female 

Male 

Female 

Male  Female 

Male 

Female 

K 

0.576 

0.574 

0.547 

0.549 

0.543 

0.542 

0.550 

0.508 

L„ 

426.0 

382.0 

394.4 

366.8 

390.7 

360.9 

405.2 

368.4 

*0 

-0.170 

-0.165 

-0.086 

-0.089 

-0.354 

-0.350 

0.414 

-0.482 

■^8,453= 

2.412,  P=0.0Q8 

^8,489= 

2.012,  P=0.030 

•Fj 8j379=2.362,  P- 

=0.010 

P8132i=16.226,P<0.001 

parameters  determined  from  data  pooled  across  all  3  ecore¬ 
gions  indicate  that  males  also  had  higher  K  and  values 
than  females  (Table  3B,  Fig.  7D). 

Discussion 

The  results  of  this  study  reveal  significant  ecoregion-  and 
sex-specific  patterns  in  age,  growth,  and  weight-length 
relationships  of  red  lionfish.  The  K  values  of  red  lion- 
fish  collected  from  the  southeast  ecoregion  were  higher 
than  those  of  red  lionfish  from  the  northeast  and  central 
ecoregions.  Although  it  was  expected  that  K  values  would 
be  greater  for  the  red  lionfish  collected  in  the  southeast 
ecoregion,  the  ,o„  values  of  many  fish  species  are  usually 
lower  in  the  more  southern  regions  of  their  geographic 
range  than  in  the  more  northern  regions  (Boehlert  and 
Kappenman,  1980)  because  fish  species  from  northern  lat¬ 
itudes  typically  achieve  larger  sizes  than  fish  species  from 
southern  latitudes  (Lindsey,  1966).  The  observed  anomaly 
in  values  may  also  be  a  result  of  density-dependent 
growth,  as  has  been  documented  in  invasive  red  lionfish 
on  small  artificial  reefs  in  the  Bahamas  (Benkwitt,  2013). 
Red  lionfish  collected  from  the  northeast  ecoregion  in  par¬ 
ticular  came  from  much  smaller  and  isolated  artificial 
and  natural  reefs  and  were  found  in  much  higher  densi¬ 
ties  compared  with  densities  observed  on  the  reefs  in  the 
southeast  ecoregion  (senior  author,  unpubl.  data). 


The  results  of  our  marginal  increment  analysis  indi¬ 
cate  that  annuli  on  otoliths  from  red  lionfish  were  most 
complete  in  the  spring  (March-May)  and  least  complete 
in  the  fall  (September-October),  a  finding  similar  to  that 
for  another  scorpaenid,  the  native  blackbelly  rosefish 
{Helicolenus  dactylopterus),  off  the  coasts  of  North  and 
South  Carolina  (White  et  ah,  1998).  In  contrast,  black 
scorpionfish  (Scorpaena  porcus )  from  the  Adriatic  Sea 
had  their  most  complete  annuli  in  the  late  summer  ( July— 
September;  La  Mesa  et  aL,  2010).  Comparable  thermal 
regimes  between  the  northern  GOM  and  North  and  South 
Carolina  likely  are  the  reason  for  the  similar  trends  in 
annuli  formation  between  invasive  red  lionfish  and  native 
blackbelly  rosefish;  similar  trends  have  been  documented 
in  red  snapper  ( Lutjanus  campechanus)  from  similar  ther¬ 
mal  regimes  (Nelson  and  Manooch,  1982).  Black  scorpi¬ 
onfish  from  the  Adriatic  Sea  likely  have  delayed  annuli 
completion  compared  with  the  annuli  formation  of  the 
red  lionfish  in  our  study  because  of  the  relatively  cooler 
sea-surface  temperatures  (~11°C)  that  that  they  experi¬ 
ence  in  the  spring.  Sea-surface  temperatures  in  the  Adri¬ 
atic  Sea  warm  to  above  20°C  in  July  (La  Mesa  et  al.,  2010), 
similar  to  sea-surface  temperatures  observed  in  March 
in  the  northern  GOM.  Therefore,  water  temperature  may 
drive  annuli  completion  in  these  species,  as  has  been 
reported  for  other  species  and  regions  (Pearson,  1996). 

Age  estimation  was  challenging  for  some  red  lionfish 
in  our  study,  with  an  APE  of  12.1  between  readers  for 
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Age  (years) 

Figure  6 

The  von  Bertalanffy  growth  curves  and  associated  equations  for  (A)  female  and  (B)  male 
red  lionfish  (Pterois  volitans)  as  well  as  for  (C)  sexes  pooled.  Also  plotted  are  observed 
lengths  at  age,  by  the  3  ecological  regions  (ecoregions)  where  red  lionfish  were  collected 
from  2012  through  2015  in  the  northern  Gulf  of  Mexico:  southeast  (Florida  Keys  north 
to  Anclote  Keys,  Florida),  northeast  (Anclote  Keys  north  to  Mobile  Bay,  Alabama),  and 
central  (west  of  Mobile  Bay  to  Galveston  Bay,  Texas). 


otoliths  from  fish  from  all  ecoregions  pooled.  This  value 
is  similar  to  the  APE  of  7  reported  for  analysis  of  otoliths 
from  fish  collected  off  northeast  Florida  (Johnson  and 
Swenarton  et  al.,  2016).  However,  all  of  our  APE  values 
are  low  compared  with  those  of  Edwards  et  al.  (2014), 
who  reported  an  APE  of  58  between  readers  for  lionfish 
collected  in  the  Caribbean  Sea.  Differences  in  regional 
age  determination  may  be  expected  because  annuli  in 
lionfish  collected  in  tropical  waters  are  likely  to  be  more 
difficult  to  distinguish  than  annuli  in  lionfish  living  in 


more  temperate  regions.  Lionfish  in  tropical  waters 
likely  have  relatively  consistent  growth  because  of  min¬ 
imal  variation  in  water  temperatures,  and  fish  in  tem¬ 
perate  waters  experience  periods  of  slow  and  fast  growth 
(Pitcher  and  Hart,  1982). 

The  age  of  red  lionfish  from  the  northern  GOM  ranged 
from  0  to  4.5  years  (x=1.35),  ages  that  are  markedly  lower 
than  the  maximum  reported  age  of  30-33  years  for  a  spec¬ 
imen  held  in  an  aquarium  (Potts  et  al.,  2010).  Interest¬ 
ingly,  the  oldest  age  estimated  in  this  study  was  4.5  years 
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Figure  7 

The  von  Bertalanffy  growth  curves  and  associated  equations  for  red  lionfish  ( Pterois  vol- 
itans).  Also  plotted  are  observed  lengths  at  age  for  female  (triangles)  and  male  (squares) 
red  lionfish  collected  from  2012  through  2015  in  the  northern  Gulf  of  Mexico,  by  eco¬ 
logical  region  (ecoregion),  (A)  southeast  (Florida  Keys  north  to  Anelote  Keys,  Florida), 
(B)  northeast  (Anelote  Keys  north  to  Mobile  Bay,  Alabama),  and  (C)  central  (west  of 
Mobile  Bay  to  Galveston  Bay,  Texas),  as  well  as  for  (D)  all  ecoregions  pooled. 
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for  a  fish  collected  in  November  2012,  and  the  data  from 
our  study  confirm  the  presence  of  red  lionfish  in  the  north¬ 
ern  GOM  as  early  as  2008,  2  years  prior  to  the  first  detec¬ 
tion  in  the  region  in  2010.  Edwards  et  al.  (2014)  also  found 
a  single  lionfish  ( Pterois  sp.)  with  an  estimated  age  that 
indicates  it  was  present  in  the  Caribbean  Sea  before  the 
first  detection  off  Little  Cayman  in  2010.  Such  delays  in 
documented  detections  are  expected  because  invasive  spe¬ 
cies  often  are  not  detected  immediately  after  introduction 
because  of  lag  times  associated  with  species  expansion 
(Crooks  and  Soule,  1999). 

Age  distribution  of  marine  fish  species  is  an  important 
factor  for  assessing  the  health  of  a  population  (Berkeley 
et  al.,  2004).  Typically,  an  established,  healthy  population 
will  exhibit  a  “well-balanced”  age  structure  (Brunei  and 
Piet,  2013)  with  numerous  larger,  older  individuals.  In 
the  northern  GOM,  93%  of  red  lionfish  in  our  study  were 
<2  years  old  in  all  3  ecoregions.  Similar  results  have  been 
reported  off  Little  Cayman  (Edwards  et  al.,  2014)  and  in 
the  Atlantic  Ocean  off  northeast  Florida  (Johnson  and 
Swenarton,  2016)  and  North  Carolina  (Barbour  et  al., 
2011),  where  the  majority  (>90%)  of  lionfish  were  <3  years 
old.  The  higher  proportion  of  fish  between  the  ages  of 
2  and  3  years  found  in  Little  Cayman  and  off  northeast 
Florida  and  North  Carolina  is  likely  the  result  of  lionfish 
having  invaded  those  locations  earlier  than  the  northern 
GOM  (Schofield,  2010). 

Although  red  lionfish  can  live  much  longer  than  what 
has  been  described  in  this  study  and  in  studies  in  other 
invaded  geographic  areas,  the  truncated  age-class  distri¬ 
bution  observed  in  this  study  is  a  further  indication  that 
the  population  of  red  lionfish  in  the  northern  GOM  may 
still  be  stabilizing  in  the  region  because  older  individu¬ 
als  are  not  present  or  not  captured.  Red  lionfish  from 
the  southern  GOM  that  were  aged  in  2012  appeared  to  be 
much  younger,  with  age  and  growth  parameters  that  were 
much  lower  than  those  reported  for  this  study  and  pre¬ 
vious  studies  (Rodriguez-Cortes  et  al.,  2015).  This  differ¬ 
ence  in  age  structure  is  likely  a  result  of  red  lionfish  being 
collected  within  the  first  2  years  of  their  invasion  in  the 
southern  GOM.  The  difference  also  could  be  due  to  aging 
techniques:  we  determined  age  on  the  basis  of  otolith  anal¬ 
ysis,  but  Rodriguez-Cortes  et  al.  (2015)  estimated  ages  on 
the  basis  of  size-frequency  analysis  that  was  not  verified 
by  using  otoliths.  It  is  important  to  now  establish  up-to- 
date  region-  and  sex-specific  age  and  growth  parameters 
so  that,  in  the  future  when  the  invasion  of  red  lionfish  the¬ 
oretically  has  stabilized  across  the  region  (Benkwitt  et  al., 
2017;  Cote  and  Smith,  2018),  the  same  parameters  can  be 
estimated  to  evaluate  the  success  of  the  invasion. 

There  was  an  inconsistent  pattern  of  differences  in 
weight-length  relationships  among  ecoregions  with  only 
males  in  the  southeast  ecoregion  being  heavier  per  length 
than  males  in  the  northeast  ecoregion.  In  contrast,  dif¬ 
ferences  were  found  in  females  in  all  pairwise  compari¬ 
sons  between  ecoregions,  except  for  the  comparison  of  the 
southeast  and  central  ecoregions.  Overall,  weight-length 
relationships  based  on  data  pooled  for  males  and  females 
and  on  estimated  marginal  means  adjusted  for  TL  indicate 


minor  differences  in  weight  among  ecoregions:  18.21  g  for 
females  and  22.75  g  for  males. 

Differences  in  weight-length  relationships  of  lionfish 
have  been  reported  throughout  the  range  of  the  invasion 
among  regions  that  are  larger  than  the  ecoregions  used 
in  our  study  (Suppl.  Table)  (online  only).  Some  published 
comparisons  of  weight-length  relationships  have  been 
based  on  data  pooled  across  a  range  of  locations  within  the 
sampled  region  (Barbour  et  al.,  2011;  Edwards  et  al.,  2014; 
Sabido-Itza  et  al.,  2016),  and  the  relationships  derived 
from  those  pooled  data  differ  from  those  presented  here 
for  the  northern  GOM.  Another  study  compared  weight- 
length  data  pooled  by  year,  reporting  a  significant  differ¬ 
ence  between  the  first  and  last  year  (2011-2013)  (Dahl 
and  Patterson,  2014).  In  contrast,  Benkwitt  et  al.  (2017) 
documented  no  changes  in  size  structure  in  lionfish  from 
the  Bahamas  over  a  10-year  period.  Recently,  Pusack  et  al. 
(2016)  reported  that  red  lionfish  in  their  native  range 
grow  at  a  slower  rate  and  achieve  smaller  maximum  sizes 
than  those  in  the  range  of  their  invasion.  Finally,  lionfish 
in  the  range  they  have  invaded  may  be  less  susceptible  to 
predation  because  of  their  larger  size  and  would  also  be 
able  to  consume  larger  prey  items  (see  review  in  Cote  and 
Smith,  2018). 

In  this  study,  male  red  lionfish  found  in  the  northern 
GOM  achieved  greater  weight  and  length  than  females. 
In  contrast,  results  from  early  work  in  the  northern  GOM 
(Fogg  et  al.,  2013)  indicate  no  significant  differences  in 
weight-length  relationships  by  sex  for  red  lionfish.  One 
explanation  for  these  differences  between  studies  may  be 
that  the  data  from  Fogg  et  al.  (2013)  came  from  early  in 
the  invasion  and,  therefore,  likely  had  not  yet  reached  an 
asymptotic  value.  Although  von  Bertalanffy  growth  param¬ 
eters  were  not  reported  by  sex  in  other  age  and  growth 
studies  on  invasive  lionfish  species  (e.g.,  Potts  et  al.  2010; 
Barbour  et  al.  2011;  Rodriguez-Cortes  et  al.  2015;  Johnson 
and  Swenarton  2016),  age  and  growth  and  weight-length 
data  quantified  in  our  study  confirm  that  sexual  dimor¬ 
phism  exists  with  males  growing  larger  and  faster  than 
females.  Sexual  dimorphic  growth  was  documented  also 
for  invasive  lionfish  in  Little  Cayman  by  using  otolith 
analysis,  but  weight-length  relationships  were  not  evalu¬ 
ated  (Edwards  et  al.,  2014).  Males  in  our  study  achieved  a 
greater  length-at-age  than  females  and,  similar  to  males 
examined  by  Edwards  et  al.  (2014),  had  significantly  larger 
K  and  Lrjo  values  than  females.  Males  of  the  related  scor- 
peanid  species,  blackbelly  rosefish,  also  appear  to  grow 
faster  and  slightly  larger  than  females  (White  et  al.,  1998). 
In  contrast,  female  black  scorpionfish,  native  to  the  eastern 
Atlantic  Ocean,  Mediterranean  Sea,  and  Black  Sea,  attain 
larger  sizes  than  males  (Bilgin  and  Qelik,  2009). 

The  differences  observed  between  male  and  female 
red  lionfish  in  age  and  growth  and  in  weight-length 
relationships  are  likely  a  result  of  the  greater  resources 
that  females  allocate  to  reproductive  output  (Gadgil  and 
Bossert,  1970).  Female  red  lionfish  mature  in  their  first 
year  of  life  and  are  capable  of  reproducing  every  few  days 
during  11  months  of  the  year  (Fogg  et  al.,  2017).  These  ele¬ 
vated  and  constant  reproductive  rates  likely  result  in  more 
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Table  4 

Estimates  of  von  Bertalanffy  growth  curve  parameters,  with  sexes  pooled,  for  invasive  red  lionfish  ( Pterois  volitans )  collected  from 
2012  through  2015  in  3  ecological  regions  (ecoregions)  in  the  northern  Gulf  of  Mexico:  southeast  (Florida  Keys  north  to  Anclote 
Keys,  Florida),  northeast  (Anclote  Keys  north  to  Mobile  Bay,  Alabama),  and  central  (west  of  Mobile  Bay  to  Galveston  Bay,  Texas). 
The  parameters  are  growth  rate  (K),  asymptotic  length  (LM,  given  in  millimeters  in  total  length  [TL]),  and  theoretical  age  when 
the  length  is  zero  (t0).  Because  of  truncated  data  sets  (i.e.,  a  lack  of  red  lionfish  <100  mm  TL),  a  sum  of  squares  reduction  test 
was  used  to  compare  model  parameters  between  all  ecoregions  and  sexes.  All  comparisons  were  significantly  different  (P<0.01). 
For  comparison,  parameters  pooled  by  sex  are  included  for  specimens  from  North  Carolina  (Barbour  et  al.,  2011),  Little  Cayman 
(Edwards  et  ah,  2014),  Florida  Keys  (Swenarton  et  ah,  2016),  northeast  (NE)  Florida  (Johnson  and  Swenarton  et  ah,  2016),  and 
Yucatan,  Mexico  (Rodriguez-Cortes  et  ah,  2015). 


Northern  Gulf  of  Mexico 

-  North  Little  Florida  NE  Yucatan, 


Parameter 

Southeast 

Northeast 

Central 

Pooled 

Carolina 

Cayman 

Keys 

Florida 

Mexico 

423.0 

393.0 

389.0 

400.2 

425.2 

349.0 

411.0 

448.0 

420.0 

K 

0.569 

0.544 

0.539 

0.560 

0.470 

0.420 

0.700 

0.470 

0.880 

^0 

-0.155 

-0.079 

-0.341 

-0.210 

-0.500 

-1.010 

0.000 

0.000 

-0.107 

energy  shunted  to  reproduction  than  to  growth;  therefore, 
growth  in  female  red  lionfish  is  reduced  upon  maturation. 
This  trade-off  of  reduced  growth  in  females  as  the  energy 
is  redirected  to  reproduction  has  been  described  in  numer¬ 
ous  fish  species  (Reznick,  1983;  Roff,  1983;  Parker,  1992). 

Another  potential  reason  that  males  grow  larger  than 
females  is  that  males  need  to  increase  their  chances  of  suc¬ 
cess  in  male  rivalries  and  physical  combat  and,  therefore, 
their  opportunities  for  mating  (Shine,  1989).  Evidence  of 
combat  between  large  red  lionfish  (>350  mm  TL,  presum¬ 
ably  males)  has  been  observed  in  the  northern  GOM  in  the 
form  of  abrasions  across  the  body.  Recently,  agonistic  behav¬ 
ior  between  2  large  lionfish  (Pterois  spp.)  has  been  observed 
and  documented  in  Honduras  (Fogg  and  Faletti,  2018). 

Growth  rates  and  other  life  history  traits  vary  by  region 
in  other  marine  fish  species  (Choat  and  Axe,  1996;  Rutten- 
berg  et  al.,  2005).  The  K  value  for  red  lionfish  in  the  north¬ 
ern  GOM  is  greater  than  that  reported  for  fish  from  Little 
Cayman  (Edwards  et  al.,  2014),  North  Carolina  (Barbour 
et  al.,  2011),  and  northeast  Florida  (Johnson  and  Swenar¬ 
ton,  2016),  although  K  values  reported  for  fish  from  the 
Florida  Keys  (Swenarton  et  al.,  2015)  and  Yucatan,  Mexico 
(Rodriguez-Cortes  et  al.,  2015),  were  much  greater  than 
those  in  all  other  studies  (Table  4).  The  higher  K  value 
observed  in  the  northern  GOM  could  explain  why  densi¬ 
ties  of  red  lionfish  are  higher  there  than  anywhere  else  in 
the  geographic  range  that  they  have  invaded  (Dahl  and 
Patterson,  2014).  The  pattern  for  age  and  growth  of  red 
lionfish  in  the  northern  GOM  appears  to  be  most  similar 
to  that  of  lionfish  from  the  Atlantic  Ocean  off  northeast 
Florida  and  North  Carolina  (Table  4).  Similarities  and 
differences  in  age  and  growth  among  studies  could,  in 
part,  be  driven  by  environmental  thermal  regimes  (Lyons 
et  al.,  2017;  Barker  et  al.,  2018)  in  addition  to  other  bio¬ 
logical  and  ecological  factors  (South  et  al.,  2017).  However, 
age  and  growth  will  need  to  be  reevaluated  in  the  future 
because  our  study  examined  samples  collected  early  in  the 
invasion  of  the  northern  GOM  region. 


Age  and  growth  data  are  important  to  assess  poten¬ 
tial  changes  to  the  population  structure  of  red  lionfish 
that  result  from  implementation  of  management  plans, 
disease  events,  and  environmental  incidents  such  as  an 
algal  bloom.  For  example,  Chagaris  et  al.  (2017)  modeled 
how  potential  strategies  for  management  of  lionfish  may 
affect  several  recreationally  and  commercially  important 
native  fish  species  on  the  West  Florida  Shelf.  The  age  and 
growth  relationships  of  lionfish  used  in  their  model  were 
based  on  fish  from  outside  of  the  region  of  the  West  Flor¬ 
ida  Shelf  and,  therefore,  may  not  have  correctly  reflected 
population  dynamics.  Moreover,  other  management  plans 
from  agencies  around  the  invaded  region  specifically  men¬ 
tion  the  need  for  regional  age  and  growth  data  (Morris5; 
ANSTF6;  Johnston  et  al.,  2015),  and  these  plans  noted  the 
need  for  ongoing  research.  Accurate  and  region-specific 
weight-length,  age,  and  growth  data  are  vital  for  develop¬ 
ing  age-structured  population  models  that  can  be  used  to 
evaluate  potential  effects  of  targeted  removals  on  the  red 
lionfish  population  (Barbour  et  al.,  2011)  and  the  poten¬ 
tial  population-level  effects  of  large-scale  disease  for  red 
lionfish  and  devil  firefish  (Harris  et  al.7).  These  data  can 
also  be  applied  to  behavioral  studies  for  which  only  size 
information  is  available  (e.g.,  Garcia-Rivas  et  al.,  2018). 

Graham  and  Fanning  (2017)  reviewed  management 
plans  for  invasive  lionfish  species  in  the  Caribbean  Sea,  but 
research  updates  are  needed  so  that  future  management 


5  Morris,  J.  A.,  Jr.  (ed.).  2012.  Invasive  lionfish:  a  guide  to  control 
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activities,  including  local  “culling”  programs  (Green  et  al., 
2017;  Mizrahi  et  al.,  2017),  lead  to  more  accurate  forecast¬ 
ing  (Johnston  et  al.,  2017)  and  effective  regional  manage¬ 
ment.  Information  from  regional  demographic  data  sets, 
coupled  with  identification  of  spatial  and  temporal  pat¬ 
terns  in  the  harvest  vulnerability  of  older  and  larger  lion- 
fish,  can  be  used  to  identify  regions  or  seasons  that  need 
better  protection  or  regulation  (Zhou  et  al.,  2010;  Tobin 
et  al.,  2013).  Data  from  this  study  can  inform  development 
of  region-specific  management  strategies  for  controlling 
the  invasion  of  lionfish  in  the  GOM.  This  study  provides 
the  first  regional  estimates  of  life  history  parameters  for 
red  lionfish  in  the  northern  GOM,  where  populations  of 
this  invasive  species  appear  to  be  not  only  established  but 
also  expanding  their  range  (Dahl  and  Patterson,  2014; 
Dahl  et  al.,  2016;  Fogg  et  al.,  2017).  Life  history  infor¬ 
mation  provided  here  can  be  incorporated  into  studies 
of  competition  between  lionfish  and  reef  fish  species  (see 
Rojas-Velez  et  al.,  2019)  that  will  enhance  management 
decision-making  and  stock  assessments. 
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Abstract— The  reproductive  potential 
of  northern  rockfish  ( Sebastes  poly- 
spinis )  and  light  dusky  rockfish  {S. 
variabilis)  in  the  Gulf  of  Alaska  was 
examined  by  measuring  the  success  of 
oocyte  and  embryo  development.  The 
potential  annual  fecundity,  reproduc¬ 
tive  failure  rates,  and  relationships  of 
these  parameters  to  maternal  size  were 
examined.  Both  species  have  a  season¬ 
ally  synchronous  reproductive  cycle 
with  parturition  occurring  in  the  late 
spring  to  early  summer.  Northern  rock¬ 
fish  had  a  mean  relative  fecundity  of 
165.1  oocytes/g  for  specimens  captured 
in  December  and  109.6  embryos/g  for 
specimens  captured  in  May.  Light 
dusky  rockfish  had  a  mean  relative 
fecundity  of  152.1  oocytes/g  for  speci¬ 
mens  collected  in  December  and  108.1 
embryos/g  for  specimens  captured  in 
May.  Reproductive  failure  was  easiest 
to  discern  for  the  samples  from  fish 
collected  in  May,  with  partial  and  total 
failure  primarily  occurring  because  of 
lack  of  oocyte  development  or  fertil¬ 
ization  failure.  Northern  rockfish  had 
a  rate  of  total  reproductive  failure  or 
skipped  spawning  of  16.3%,  and  light 
dusky  rockfish  had  a  total  reproductive 
failure  rate  of  15.6%.  As  light  dusky 
and  northern  rockfish  grow  larger 
throughout  their  lives,  their  relative 
fecundities  increase  and  the  likeli¬ 
hood  of  reproductive  failure  decreases. 
Fecundity  values,  failure  rates,  and 
maternal  effects  on  the  reproductive 
potential  of  these  species  can  be  used 
to  inform  future  stock  assessments. 
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The  northern  rockfish  ( Sebastes 
polyspinis )  and  light  dusky  rockfish 
( S .  variabilis)  are  the  second-  and  third- 
most  commercially  important  rockfish 
species  in  Alaska  waters,  behind  the 
Pacific  ocean  perch  (S.  alutus)  (Hulson 
et  al.,  2015;  Lunsford  et  al.,  2016).  Both 
species  are  captured  predominately  by 
bottom-trawl,  catcher-processor  fishing 
vessels  or  smaller  shore-based  trawlers 
operating  out  of  Kodiak,  Alaska  (Clau¬ 
sen  and  Heifetz,  2002;  Hulson  et  al., 
2015).  The  stock  assessments  of  these 
species  in  the  Gulf  of  Alaska  use  a  sep¬ 
arable,  age-structured  model  as  the  pri¬ 
mary  assessment  tool.  Input  parameters 
to  the  model  include  fishery-dependent 
data,  such  as  catch,  age,  size,  composi¬ 
tion,  and  maturity  data,  and  fishery- 
independent  data,  including  estimates 
of  biomass  and  age  and  size  composition 
based  on  biennial  trawl  surveys  (Hulson 
et  al.,  2015;  Lunsford  et  al.,  2016). 

Northern  rockfish  range  from  waters 
of  northern  British  Columbia  and 
Alaska,  across  the  North  Pacific  Ocean, 
to  the  eastern  part  of  Kamchatka 
Peninsula  and  the  northern  Kuril 
Islands  in  Russia  (Allen  and  Smith, 
1988).  They  are  most  abundant  in 
Alaska  waters  from  the  central  Gulf 
of  Alaska  to  the  western  Aleutian 
Islands.  Adult  northern  rockfish  in  the 
Gulf  of  Alaska  are  found  in  relatively 
shallow  offshore  banks  of  the  outer 


continental  shelf  at  depths  of  75-150  m. 
They  are  the  second-most  abundant  and 
commercially  important  rockfish  in  the 
Gulf  of  Alaska  and  the  Aleutian  Islands 
fisheries  management  areas  (Clausen 
and  Heifetz,  2002).  Northern  rockfish 
have  supported  a  valuable  domestic 
commercial  fishery  since  1990  in  the 
Gulf  of  Alaska  and  were  captured  in  for¬ 
eign  and  joint  venture  fisheries  prior  to 
this  period  (Hulson  et  al.,  2015). 

Light  dusky  rockfish  range  from 
Hokkaido,  Japan,  through  the  Ber¬ 
ing  Sea  and  the  Aleutian  Islands,  to 
Johnstone  Strait,  British  Columbia 
(Love  et  al.,  2002).  Light  dusky  rock¬ 
fish  are  commonly  found  at  depths  of 
100-200  m  in  the  Gulf  of  Alaska,  and 
the  highest  catch  per  unit  of  effort 
generally  occurs  at  depths  of  100-149  m. 
Light  dusky  rockfish  are  most  com¬ 
monly  associated  with  northern  rock¬ 
fish,  Pacific  ocean  perch,  and  harlequin 
rockfish  (S.  variegatus),  and  bycatch  of 
light  dusky  rockfish  is  highest  in  hauls 
of  vessels  targeting  northern  rockfish 
and  vice  versa  (Reuter,  1999). 

All  species  within  the  genus  Sebastes 
mate  using  internal  fertilization  and 
give  birth  to  planktonic  larvae  (Kendall 
and  Lenarz,  1987).  These  species  appear 
to  be  truly  viviparous,  meaning  that 
the  embryos  receive  sustenance  from 
the  mother  in  addition  to  yolk  reserves 
during  gestation  (Boehlert  et  al.,  1987). 
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Maturity  ogives  have  been  published  for  both  of  these 
species  (Chilton,  2007,  2010),  but  little  information  is 
available  about  other  reproductive  parameters.  Maternal 
effects,  abortive  maturity,  spawning  omission  or  skipped 
spawning,  and  spatial  disparities  in  the  quantity  of  broods 
have  all  been  documented  for  members  of  this  genus 
(Hannah  and  Parker,  2007;  Beyer  et  al.,  2015;  Conrath, 
2017).  Reproductive  potential  or  the  number  of  viable  lar¬ 
vae  released  by  a  population  at  parturition  is  influenced 
by  both  the  number  of  developing  oocytes  (potential  fecun¬ 
dity)  and  the  proportion  of  adults  that  have  incomplete 
spawning  (partial  reproductive  failure)  or  fail  to  spawn 
(total  reproductive  failure  or  skipped  spawning).  The  objec¬ 
tive  of  this  project  was  to  assess  the  reproductive  potential 
of  light  dusky  and  northern  rockfish  at  2  different  sites 
within  the  Gulf  of  Alaska  by  examining  a  variety  of  repro¬ 
ductive  parameters,  including  development  of  oocytes  and 
embryos  within  the  ovary,  gonadosomatic  indices,  potential 
annual  fecundity,  annual  rates  of  reproductive  failure,  and 
maternal  effects.  Values  for  these  parameters  will  be  pro¬ 
vided  to  stock  assessment  scientists  for  the  management  of 
these  and  other  rockfish  species  in  this  region. 

Materials  and  methods 

Two  research  cruises  were  conducted  in  May  (spring)  and 
December  (winter)  2014.  During  each  cruise,  2  sites  in  the 
central  Gulf  of  Alaska  were  sampled:  one  at  49  Fathom 


Pinnacle  and  one  on  Snakehead  Bank  (Fig.  1).  Both  sites 
are  located  offshore  of  Kodiak  Island  near  Middle  and 
Southern  Albatross  Bank.  We  collected  samples  from 
female  northern  and  light  dusky  rockfish  at  the  site  at 
49  Fathom  Pinnacle.  Adult  light  dusky  rockfish  also  were 
captured  at  the  site  at  Snakehead  Bank  (Table  1).  Each 
fish  was  measured  for  fork  length  (FL)  and  total  weight, 
and  the  ovary  was  removed  and  preserved  in  a  solution  of 
10%  neutral  buffered  formalin. 

A  sample  removed  from  the  center  of  one  lobe  of  the 
ovary  from  each  specimen  was  embedded  in  paraffin  and 
thin  sectioned  to  6  pm.  Standard  histological  techniques 
were  used  to  stain  these  tissue  samples  with  hematoxy¬ 
lin  and  eosin  (Sheehan  and  Hrapchak,  1980).  These  sam¬ 
ples  were  used  to  examine  the  development  of  oocytes 
and  embryos  within  the  ovary,  with  stages  defined  on 
the  basis  of  the  terminology  of  Bowers  (1992)  (Table  2). 
Each  sample  was  examined  to  determine  which  oocyte 
or  embryo  stages  were  present  by  using  a  compound 
microscope.  The  most  advanced  oocyte  or  embryo  stage 
within  the  section  was  identified.  In  addition,  the  sec¬ 
tion  was  examined  for  the  presence  of  atretic  oocytes. 
Alpha  atresia  was  characterized  by  the  disintegration  of 
the  nucleus,  irregularly  shaped  oocytes,  disintegration  of 
yolk,  and  the  dissolution  of  the  zona  radiata.  Beta  atresia 
was  characterized  by  oocytes  having  a  compact  structure 
composed  of  disorganized  granulosa  cells.  Delta  atresia 
was  characterized  by  a  dark  yellow  or  brown  pigment 
within  the  granulosa  cells  (Hunter  and  Macewicz,  1985a). 
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Figure  1 

Map  of  the  2  sites  where  northern  rockfish  ( Sebastes  polyspinis)  and  light 
dusky  rockfish  (S.  variabilis)  were  sampled  off  Kodiak  Island  near  Middle  and 
Southern  Albatross  Bank  in  the  central  Gulf  of  Alaska  in  May  and  December 
2014.  Female  northern  and  light  dusky  rockfish  were  collected  at  the  site  on 
49  Fathom  Pinnacle  (1).  Adult  light  dusky  rockfish  were  also  captured  at  the 
site  on  Snakehead  Bank  (2). 
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Table  1 

Fork  length  (FL),  total  weight  (TW),  gonadosomatic  index  (GSI),  potential  annual  fecundity  (PAF),  measured  as  the  number  of 
developing  oocytes  or  embryos  present  within  the  female,  and  relative  fecundity  (RF),  measured  as  PAF/TW,  of  female  light  dusky 
rockfish  ( Sebastes  variabilis)  and  northern  rockfish  (S.  polyspinis)  collected  during  cruises  conducted  in  the  spring  (May)  and  win¬ 
ter  (December)  of  2014  at  2  sites  in  the  Gulf  of  Alaska:  49  Fathom  Pinnacle  (49  FP)  and  Snakehead  Bank  (SHB).  The  range,  mean, 
standard  error  of  the  mean  (SE),  and  sample  size  ( n )  for  each  parameter  are  given. 

Species 

Season 

Site 

FL  (cm) 

TW  (g) 

GSI 

PAF  (no.  of  oocytes 
or  embryos) 

RF  (oocytes/g 
or  embryos/g) 

Light  dusky 

Spring 

49  FP 

360-517 

720-2342 

0.002-0.166 

31,510-330,700 

24.7-164 

rockfish 

mean:  456 

mean:  1702 

mean:  0.088 

mean:  190,300 

mean:  106 

(71=100) 

(77  =  100) 

(SE  0.007, 77=60) 

(SE  11,450, 77=40) 

(SE  5.46, 77=40) 

SHB 

273-544 

260-3474 

0.001-0.197 

21,870-665,800 

18.3-216 

mean:  465 

mean:  1,963 

mean:  0.088 

mean:  256,200 

mean:  111 

(72=105) 

(77  =  105) 

(SE  0.008, 77=68) 

(SE  23,690, 77=36) 

(SE  6.97, 77=36) 

Winter 

49  FP 

403-497 

1,066-2212 

0.010-0.125 

49,290-455,100 

46.2-273 

mean:  457 

mean:  1619 

mean:  0.041 

mean:  258,237 

mean:  158 

(77  =  138) 

(77  =  138) 

(SE  0.001,77=89) 

(SE  7635,77  =  103) 

(SE  4.08, 77=103) 

SHB 

332-525 

636-2418 

0.004-0.043 

107,000-388,800 

79.1-197 

mean:  445 

mean:  1494 

mean:  0.028 

mean:  227,600 

mean:  140 

(77=42) 

(77=42) 

(SE  0.001,77=28) 

(SE  14,4000, 77=32) 

(SE  5.14, 77=32) 

Northern 

Spring 

49  FP 

345-453 

620-1466 

0.070-0.222 

62,650-212,000 

53.2-176 

rockfish 

mean:  412 

mean:  1162 

mean:  0.140 

mean:  130,700 

mean:  110 

(77  =  127) 

(77=127) 

(SE  0.006, 77=38) 

(SE  6118, 77=36) 

(SE  4.81, 77=36) 

Winter 

49  FP 

270-463 

266-1738 

0.013-0.091 

33,690-346,600 

43.9-251 

mean:  416 

mean:  1183 

mean:  0.059 

mean:  197,100 

mean:  165 

(77  =  157) 

(77=157) 

(SE  0.002, 77=128) 

(SE  5347, 77=121) 

(SE  4.02,77=121) 

Table  2 

Stages  of  oocyte  and  embryo  development  in  ovaries  of  northern  ( Sebastes  polyspinis )  and  light  dusky  (S.  variabilis )  rockfish.  These 
stages,  based  on  terminology  of  Bowers  ( 1992),  were  used  to  identify  the  most  advanced  development  stage  present  in  samples  from 
fish  collected  during  May  and  December  2014  in  the  Gulf  of  Alaska. 

Stage 

Physical  description 

1.  Primary  growth 

Oogonia,  early  perinuclear  and  late  perinuclear  ooyctes 

2.  Early  yolk 

Oocytes  contain  the  earliest  signs  of  yolk  accumulation,  small  spherical  globules  of  yolk  in  the 

periphery  of  the  oocyte 

3.  Advanced  yolk 

Oocyte  content  is  at  least  50%  yolk  droplets,  nucleus  still  well  defined 

4.  Migratory  nucleus 

Nucleus  migrates  to  the  periphery  of  the  oocyte,  nuclear  membrane  becomes  irregular,  nucleoli 

disappear 

5.  Ovulation 

Yolk  material  begins  to  merge  and  form  a  single  united  mass 

6.  Early  embryo 

Blastoderm  cap  present  with  a  large  yolk  mass 

7.  Embryo  body 

Embryo  body  appears,  blastoderm  cap  of  cells  develops  into  recognizable  tissue 

8.  Eyed  embryo 

Retinal  pigmentation  becomes  apparent  and  is  well  defined 

9.  Embryo-reduced  yolk 

Yolk  attached  to  the  embryo  is  reduced  in  size  and  may  only  be  present  as  droplets 

10.  Postovulatory  follicles 

The  follicles  that  remain  after  parturition 

Postovulatory  follicles  are  the  follicular  structure  that 
remains  after  the  oocyte  or  larvae  has  been  extruded 
(Hunter  and  Macewicz,  1985b). 

Fish  maturity  status  or  class  was  determined  by 
examining  the  most  advanced  oocyte  stage  present  and 
the  amount  and  types  of  atresia  present.  Fish  were 
considered  mature  if  there  was  evidence  that  they  would 
spawn  within  the  current  reproductive  year  or  evidence 


that  they  had  spawned  in  a  prior  year.  Immature  fish 
included  both  those  fish  that  had  no  oocyte  development 
beyond  stage  2  and  those  fish  in  which  development  had 
been  resorbed  (abortive  mature).  Mature  fish  included 
fish  with  incomplete  or  complete  advanced  oocyte 
development  of  stage  3  or  higher  and  fish  with 
no  advanced  development  that  were  skipped  spawners 
(Table  3). 
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Table  3 

Classifications  used  to  determine  maturity  of  northern  rockfish  (Sebastes  polyspinis)  and  light  dusky  rockfish  (S.  variabilis)  col¬ 
lected  in  May  and  December  2014  in  the  Gulf  of  Alaska.  POF=postovulatory  follicles.  For  stages  of  oocyte  and  embryo  development, 
see  Table  2. 

Oocyte  or  embryo 

Class 

development 

Description 

Immature 

Primary  growth 

No  oocyte  development  beyond  stage  2. 

Abortive  maturity 

Oocyte  development  is  initiated,  then  oocytes  are  resorbed.  No  evidence  of  prior 
spawning.  Identified  histologically  by  presence  of  widespread  alpha  atresia,  but 
no  POFs  or  beta  or  delta  atresia. 

Mature 

Development 

Oocyte  or  embryo  development  at  stage  3  or  at  a  more  advanced  stage  of 
development. 

Partial  development 

Some  oocytes  within  the  ovary  are  at  stage  3  or  at  a  more  advanced  stage  of  devel- 

(incomplete 

opment.  Some  oocytes  are  not  developing,  because  of  incomplete  fertilization. 

fertilization) 

No  development 
(skipped  spawning) 

Identified  histologically  by  the  presence  of  oocytes  at  the  one-cell  blastodisc  stage. 

Resting 

No  initiation  of  oocyte  development.  Identified  histologically  by  development  in 
stage  1  or  2  with  evidence  of  a  prior  spawning  (beta  or  delta  atresia  or  POFs). 

Resorbing 

Oocyte  development  is  initiated,  but  oocytes  are  later  resorbed.  Identified  histologi¬ 
cally  by  widespread  alpha  atresia  and  evidence  of  a  prior  spawning  (beta  or  delta 
atresia  or  POFs). 

Fertilization  failure 

Oocytes  develop  but  are  not  fertilized;  therefore,  no  embryogenesis  occurs.  Identi¬ 
fied  histologically  by  the  presence  of  oocytes  at  the  one-cell  blastodisc  stage.  In 
skipped  spawners,  all  developing  oocytes  are  at  this  oocyte  stage  of  development. 

The  ovary  was  patted  dry  at  the  laboratory,  and  a 
wet  weight  was  recorded.  A  gonadosomatic  index  (GSI) 
was  calculated  for  all  mature  fish  by  using  the  follow¬ 
ing  equation:  GS/=gonad  weight/total  body  weight.  The 
mean  and  standard  error  of  these  values  for  each  spe¬ 
cies  during  each  season  were  determined.  Ovary  weights 
were  unavailable  for  some  fish  whose  ovary  contained 
advanced  embryos  because  the  ovary  structure  was 
difficult  to  maintain.  This  delicate  ovary  structure  was 
particularly  prevalent  in  samples  collected  in  May  that 
contained  eyed  embryos  with  a  thin  and  fragile  ovarian 
wall  that  made  it  difficult  to  weigh  the  ovary  without 
losing  some  of  the  embryos. 

Fecundity  was  estimated  at  each  site  by  using  all 
individuals  caught  in  December  that  had  both  lobes  of  their 
ovary  and  all  specimens  caught  in  May  that  had  at  least 
one  complete  lobe  of  their  ovary.  The  difference  between 
months  sampled  in  which  individuals  were  included  was 
necessary  because  of  the  small  number  of  individuals  with 
a  complete  ovary  that  were  collected  in  May.  If  only  one 
lobe  of  the  ovary  was  available,  the  total  ovary  weight  was 
estimated  by  multiplying  the  weight  of  the  complete  lobe 
by  2.  Individual  potential  annual  fecundity  was  estimated 
by  using  a  gravimetric  approach  in  which  the  weight  of 
a  subsample  of  oocytes  or  embryos  present  was  extrapo¬ 
lated  to  estimate  the  total  ovary  weight.  Fecundity  was 
estimated  by  using  only  fish  that  had  an  ovary  that  was 
composed  predominately  of  oocytes  or  embryos  at  a  devel¬ 
opment  stage  of  3  or  higher  and  that  had  no  evidence 


of  partial  or  total  reproductive  failure.  In  December,  all 
ovaries  examined  contained  oocytes  that  were  in  either 
the  migratory  nucleus  or  ovulation  stages,  whereas  in 
May  all  ovaries  contained  eyed  embryos.  Therefore,  val¬ 
ues  of  fecundity  for  specimens  captured  in  December  are 
given  in  number  of  oocytes  or  number  of  oocytes  per  gram, 
and  values  of  fecundity  for  specimens  captured  in  May  are 
given  in  either  number  of  embryos  or  number  of  embryos 
per  gram.  Two  subsamples  were  collected  from  randomly 
chosen  quadrants  of  one  lobe  of  the  ovary.  If  the  coefficient 
of  variation  from  the  2  initial  samples  was  greater  than 
5%,  2  additional  subsamples  were  collected.  The  individ¬ 
ual  potential  annual  fecundity  was  determined  by  aver¬ 
aging  the  fecundity  estimates  taken  for  each  sample  and 
multiplying  by  the  total  ovary  weight.  In  addition,  relative 
fecundity  was  determined  by  dividing  potential  annual 
fecundity  by  the  total  weight  of  the  fish. 

Reproductive  failure  in  adult  light  dusky  and  northern 
rockfish  was  defined  as  partial  or  total  lack  of  oocyte  or 
embryo  development  in  mature  fish.  Partial  reproduc¬ 
tive  failure  was  identified  by  the  presence  of  developing 
oocytes  and  non-developing  oocytes  within  the  ovary  of  a 
fish  and  was  caused  by  incomplete  fertilization  (Fig.  2). 
Mature  fish  with  no  oocyte  development  were  considered 
to  be  experiencing  total  reproductive  failure  and  were 
classified  as  skipped  spawners.  Three  types  of  skipped 
spawning  similar  to  those  defined  by  Rideout  et  al.  (2005) 
were  identified:  resting  skipped  spawning  (no  initia¬ 
tion  of  oocyte  development),  resorbing  skipped  spawning 


144 


Fishery  Bulletin  1 1  7(3) 
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Figure  2 

Images  of  ovary  samples  from  northern  rockflsh  ( Sebastes 
polyspinis )  collected  in  May  2014  in  the  Gulf  of  Alaska, 
showing  partial  reproductive  failure  due  to  incomplete  fer¬ 
tilization.  (A)  A  whole  section  of  one  lobe  of  an  ovary.  The 
left  side  of  the  lobe  has  fertilized  embryos  in  the  eyed  stage 
(e),  and  the  majority  of  the  ovary  is  filled  with  unfertilized 
oocytes  (o).  (B)  Several  eyed  embryos  (e)  and  unfertilized 
oocytes  (o)  under  a  dissecting  microscope.  (C)  A  histological 
section  with  eyed  embryos  (e)  and  unfertilized  oocytes  (o). 


(oocytes  that  had  initiated  development  were  degenerat¬ 
ing),  and  skipped  spawning  caused  by  fertilization  fail¬ 
ure  (oocytes  developed  to  the  one-cell  blastodisc  stage  but 
were  not  fertilized,  and  embryogenesis  was  not  initiated) 
(Fig.  3).  The  proportion  of  adult  northern  and  light  dusky 
rockflsh  that  had  ovaries  with  partial  or  total  reproduc¬ 
tive  failure  were  examined  during  the  May  and  December 
sampling  periods  (Table  3). 

Generalized  linear  models,  with  Gaussian  distribu¬ 
tion  for  response  variables,  were  used  to  examine  effects 
of  maternal  size,  site,  and  season  on  relative  fecundity. 
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Diagnostic  plots  of  residual  trends  verses  fitted  values 
and  standardized  residuals  versus  theoretical  quantiles 
(Q-Q  plots)  were  examined  visually  for  trends  for  each 
model.  Generalized  linear  models  with  a  binomial  distri¬ 
bution  were  used  to  examine  the  effect  of  maternal  size 
on  reproductive  failure.  To  test  for  overdispersion,  each 
binomial  model  was  repeated  by  using  quasi-binomial  dis¬ 
tribution,  and  the  dispersion  parameter  was  examined. 
A  backward  stepwise  approach  was  used  to  populate  the 
models  with  explanatory  parameters  that  were  statisti¬ 
cally  significant  (a=0.05).  The  GSI  values  were  compared 
by  site  in  each  season.  Effects  of  season,  fish  length,  and 
site  were  considered  in  models  fitted  to  relative  fecun¬ 
dity  data.  Effects  of  fish  length  and  site  were  considered 
in  models  fitted  to  values  of  fertilization  failure  and 
incomplete  fertilization  for  fish  captured  in  the  month 
of  May  and  to  values  of  total  reproductive  failure  for  fish 
captured  in  May  and  December.  Reproductive  parame¬ 
ter  values  from  the  2  sites  sampled  were  combined  if  the 
site  was  not  significantly  related  to  the  parameter  being 
examined  (a=0.05).  The  Akaike  information  criterion 
was  used  to  determine  which  model  best  fit  the  data.  The 
generalized  linear  models  were  completed  by  using  the 
packages  stats4  (vers.  3.2.0)  and  multcomp  (vers.  3.2.5; 
Hothorn  et  al.,  2008)  in  statistical  software  R,  vers.  3.2.0 
(R  Core  Team,  2015). 

Results 

Catches  of  northern  and  light  dusky  rockfish  within  both 
study  sites  were  dominated  by  adult  individuals  with  very 
few  immature  individuals  and  no  individuals  exhibiting 
abortive  maturation.  No  adult  northern  rockfish  were  cap¬ 
tured  at  the  site  on  Snakehead  Bank;  therefore,  compar¬ 
isons  between  sites  were  limited  to  data  for  light  dusky 
rockfish  captured  in  both  seasons.  During  May,  all  mature 
light  dusky  rockfish  collected  throughout  both  of  the  sam¬ 
pled  sites  that  lacked  evidence  of  reproductive  failure  had 
ovaries  that  were  dominated  by  eyed  embryos.  This  finding 
was  also  true  for  nearly  all  northern  rockfish;  one  female 
contained  embryos  at  the  embryo  body  stage.  During 
December,  all  mature  individuals  of  both  species  had 
ovaries  that  were  dominated  by  oocytes  that  were  either  in 
the  late  migratory  nucleus  or  early  ovulation  stage  unless 
there  was  evidence  of  reproductive  failure.  Both  species 
were  found  to  have  highly  synchronous  oocyte  and  embryo 
development,  and  the  timing  of  this  development  was  very 
similar  between  the  2  species. 

The  GSI  values  for  northern  rockfish  were  generally 
higher  than  those  for  light  dusky  rockfish,  and  these  val¬ 
ues  for  both  species  were  higher  in  May  prior  to  parturi¬ 
tion  than  in  December  (Table  1).  The  mean  GSI  for  light 
dusky  rockfish  in  May  was  not  significantly  related  to  site 
(P=0.71).  The  mean  GSI  for  light  dusky  rockfish  captured 
in  the  month  of  December  was  considerably  higher  at 
49  Fathom  Pinnacle  than  at  Snakehead  Bank.  There  were 
no  obvious  trends  in  residuals  in  the  model  diagnostic 
plots  for  the  GSL 


Estimates  of  fecundity  were  generally  lower  for  north¬ 
ern  rockfish  than  light  dusky  rockfish  during  both  sea¬ 
sons,  with  higher  values  found  during  the  winter  (Table  1). 
Relative  fecundity  was  calculated  to  compensate  for  the 
relationship  between  fecundity  and  size  and  was  also 
greater  for  both  species  in  December.  Light  dusky  and 
northern  rockfish  had  similar  values  of  mean  relative 
fecundity  during  each  season.  The  mean  relative  fecundity 
of  northern  rockfish  was  109.6  embryos/g  for  specimens 
captured  in  May  and  165.1  oocytes/g  for  specimens  cap¬ 
tured  in  December.  The  mean  relative  fecundity  of  dusky 
rockfish  was  108.1  embryos/g  for  fish  captured  in  May  and 
152.1  oocytes/g  for  fish  collected  in  December.  Parame¬ 
ters  tested  in  the  model  to  explain  variation  in  relative 
fecundity  included  site  (for  light  dusky  rockfish  only), 
season,  and  FL  (Table  4).  Relative  fecundity  estimates 
were  significantly  higher  (P<0.001)  in  December  than  in 
May  for  both  species  and  increased  with  size  for  both  spe¬ 
cies  (Fig.  4). 

Total  and  partial  reproductive  failure  occurred  in 
both  light  dusky  and  northern  rockfish  and  were  found 
in  both  seasons.  Reproductive  failure  was  more  prevalent 
and  easier  to  discern  in  the  specimens  caught  in  May 
because  of  the  advanced  state  of  embryo  development; 
therefore,  only  the  data  from  the  cruise  conducted  in 
May  were  used  for  this  analysis.  The  proportion  of  adult 
individuals  in  which  total  reproductive  failure  had  occurred 
was  very  similar  for  both  species  (16.3%  for  northern  rock¬ 
fish  and  15.6%  for  light  dusky  rockfish),  but  the  proportion 
of  fish  undergoing  partial  reproductive  failure  was  higher 
in  northern  rockfish  (14.9%)  than  in  light  dusky  rockfish 
(3.7%).  The  most  common  type  of  total  reproductive  failure 
in  northern  rockfish,  with  68.4%  of  cases,  was  the  fertiliza¬ 
tion  failure  type  of  skipped  spawning,  and  31.6%  of  cases 
of  total  reproductive  failure  were  due  to  the  resting  type 
of  skipped  spawning.  For  light  dusky  rockfish,  more  than 
half  of  total  reproductive  failure  was  due  to  the  resting 
type  of  skipped  spawning  (55.2%),  a  smaller  proportion 
was  due  to  the  fertilization  failure  type  of  skipped  spawn¬ 
ing  (41.4%),  and  just  one  fish  (3.4%)  was  experiencing  the 
resorbing  type  of  skipped  spawning.  Rates  of  reproductive 
failure  of  light  dusky  rockfish  were  not  significantly  differ¬ 
ent  between  sites;  therefore,  failure  rates  for  light  dusky 
rockfish  from  both  sites  were  combined  in  this  analysis 
(total  reproductive  failure:  P-0.63;  fertilization  failure 
and  incomplete  fertilization:  P=0.38). 

Larger  fish  of  both  species  (>42  cm  FL)  were  signifi¬ 
cantly  less  likely  to  experience  total  reproductive  failure, 
particularly  failure  due  to  resting  skipped  spawning 
(Fig.  5).  The  relationship  of  total  reproductive  failure 
caused  by  resting  skipped  spawning  and  FL  was  sig¬ 
nificant  for  both  species  (light  dusky  rockfish:  P=0.011; 
northern  rockfish:  P=0.044),  but  the  relationship  between 
total  reproductive  failure  caused  by  fertilization  failure 
was  significant  only  for  northern  rockfish  (light  dusky 
rockfish:  P=0.238;  northern  rockfish:  P=0.002).  Partial  or 
total  reproduction  failure  due  to  incomplete  fertilization 
or  fertilization  failure,  however,  was  not  significantly 
related  to  FL  for  either  species  (light  dusky  rockfish: 
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Table  4 

Results  from  use  of  generalized  linear  models  to  explain  variation  in  relative 
fecundity  of  adult  northern  rockfish  ( Sebastes  polyspinis)  and  light  dusky  rockfish 
( S .  variabilis )  captured  in  May  and  December  2014  in  the  Gulf  of  Alaska.  Param¬ 
eters  include  season,  site  (light  dusky  rockfish  only),  and  fork  length.  Entries  for 
the  model  that  was  determined  to  have  the  best  fit  to  data  for  each  species  are 
italicized.  Differences  in  Akaike  information  criterion  (AAIC)  between  the  best  fit 
model  and  the  other  models  for  each  species  are  given. 
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Parameters 
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<0.001 

Fork  length 

0.031 

2 

Season 

<0.001 

2.8 

3 

Fork  length 

0.043 

48.7 

Light  dusky  rockfish 

1 

Season 

<0.001 

0.3 

Site 

0.206 

Fork  length 

<0.001 

2 

Fork  length 

<0.001 

Season 

<0.001 

3 

Season 

<0.001 

29.5 

to 

>,  CD 
•tS  >N 

1  8 

11 
"03  Q) 
=3 

§  ° 


g 

>, 

,8 


■  700,000 
600,000 
500,000 
400.000 
300,000 
200,000 


^  1 00,000 

u 

o 

O  n 


May  °  December 


360  380  400  420  440  460  480  500  520  540 

Fork  length  (mm) 


300 
_  275 

.  f 250 

£2  O  225 

E  .IT  200 
§1 


150 

(D  O 

>  D)  125 

is  8  ioo 

75 

8  50 

25 

0 


B 


•  May  o  December 


360  380  400 


420  440  460  480 
Fork  length  (mm) 


500  520  540 


CO  700,000 

t?  ^  600,000 
=>  9 

8  b  500'00° 

ra  |  400,000 


°  300,000 
CQ 

>,  200,000 
To 

^  100,000 
o 

8  0 


May  o  December 


300 

3  275 

.  w5  250 

£  b225 

c  n  200 

8  §  175 
4=  ^  150 
m  o 
I  O)  125 

'm  100 

75 
50 
25 
0 


<D 

OJ 

cc  $ 


D 


May 


360  380  400  420  440  460  480  500  520  540 

Fork  length  (mm) 


December 

o 


♦  ♦ 


360  380  400  420  440  460  480  500  520  540 
Fork  length  (mm) 


Figure  4 

Relationships  of  potential  annual  fecundity,  measured  as  number  of  developing  oocytes  or  embryos,  and  of 
relative  fecundity,  calculated  as  potential  annual  fecundity  divided  by  total  weight,  to  fork  length  for  (A  and 
B)  northern  rockfish  ( Sebastes  polyspinis )  and  (C  and  D)  light  dusky  rockfish  (S.  variabilis )  collected  during 
May  and  December  2014.  Black  circles  and  diamonds  represent  data  for  fish  collected  in  May.  Open  circles 
and  diamonds  represent  data  for  fish  collected  in  December. 
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Figure  5 


Proportion  of  northern  rockfish  (Sebastes  polyspinis)  and  light  dusky 
rockfish  (S.  variabilis),  captured  in  May  2014  in  the  Gulf  of  Alaska, 
that  experienced  skipped  spawning  caused  by  fertilization  failure 
(open  circles  or  diamonds)  or  the  resting  type  of  skipped  spawning 
(black  circles  or  diamonds),  by  fork  length. 


P=0.278;  northern  rockfish:  P=0.096).  The  quasi-binomial 
models  all  had  dispersion  values  that  were  close  to  1  (<  1 . 1 ), 
indicating  that  there  was  little  overdispersion  in  all  of 
these  models. 

Discussion 

Light  dusky  and  northern  rockfish  within  the  Gulf  of  Alaska 
have  a  highly  synchronous  reproductive  cycle  with  nearly  all 
individuals  having  ovaries  dominated  by  oocytes  or  embryos 
in  the  same  state  of  development  in  any  period  of  the  year. 
I  calculated  similar  GSI  values  for  both  species  during  each 
of  the  2  seasons.  Although  I  sampled  only  during  2  peri¬ 
ods  of  the  year,  results  from  this  study  are  consistent  with 
a  synchronous  annual  cycle  with  parturition  occurring  in 
the  early  summer  months.  Fish  of  both  species  captured 
in  December  were  in  mid-vitellogenesis,  and  those  captured 
in  May  were  in  late  embryogenesis,  indicating  that  they  were 
nearing  parturition.  This  timing  is  similar  to  that  reported 
for  northern  rockfish  in  the  Gulf  of  Alaska  by  Chilton  (2007), 
who  observed  parturition  occurring  from  April  through  June. 
Similarly,  May  has  previously  been  reported  as  the  peak 
month  of  parturition  for  light  dusky  rockfish  in  the  Gulf  of 
Alaska  (Chilton,  2010).  Northern  rockfish  in  the  Aleutian 
Islands  appear  to  have  a  similar  reproductive  cycle,  but  the 
peak  month  of  parturition  is  April  (TenBrink  and  Spencer, 
2013),  indicating  that  reproductive  events  may  occur  earlier 
in  the  year  in  the  region  of  the  Aleutian  Islands. 

Fecundity  estimates  for  both  species  were  lower  during 
the  spring.  Some  loss  of  embryos  occurred  during  capture 
in  May  because  embryos  are  expelled  as  a  result  of  the 


expansion  of  the  swim  bladder,  potentially  contributing 
to  lower  fecundity  estimates  during  this  period.  However, 
it  is  also  possible  that  some  decrease  in  fecundity  occurs 
during  oocyte  development.  It  is  important  to  note  that 
collections  for  this  study  occurred  during  2  different  repro¬ 
ductive  cycles  with  the  collections  in  May  occurring  in  the 
reproductive  year  of  2014  and  the  collections  in  December 
occurring  in  the  following  reproductive  year  of  2015,  and 
there  may  be  interannual  differences  in  fecundity  due  to 
environmental  factors.  It  is  assumed  that  the  fecundity 
estimates  for  specimens  collected  in  December  may  be  more 
accurate  because  of  the  difficulty  of  collecting  whole  ovaries 
in  May  during  the  period  of  time  close  to  parturition. 

There  are  no  published  estimates  of  fecundity  for  either 
of  these  species  in  the  Gulf  of  Alaska,  but  fecundity  of  north¬ 
ern  rockfish  has  been  examined  in  the  Aleutian  Islands. 
TenBrink  and  Spencer  (2013)  found  that  average  fecun¬ 
dity  of  this  species  was  89,320  oocytes  for  northern  rock¬ 
fish  ranging  in  size  from  28  to  43  cm  FL.  They  found  that 
individuals  of  this  species  produce  more  oocytes  than  is 
explained  by  a  proportional  relationship  between  fecun¬ 
dity  and  maternal  weight.  The  large  disparity  between 
the  mean  fecundity  reported  by  TenBrink  and  Spencer 
(2013)  and  the  mean  fecundity  calculated  in  this  study  is 
likely  due  to  the  larger  sizes  of  fish  examined  in  our  study 
(37-46  cm  FL).  For  most  Sebastes  species,  there  is  a  rela¬ 
tionship  between  fecundity  and  size  of  fish,  and  for  many 
of  these  species  relative  fecundity  increases  with  the  size 
of  fish  (Boehlert  at  al.,  1982;  Bobko  and  Berkeley,  2004; 
Dick,  2009). 

It  is  important  to  distinguish  reproductive  failure  from 
abortive  maturation.  Abortive  maturation  occurs  when 
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immature  fish  that  have  not  previously  reproduced  ini¬ 
tiate  oocyte  development  through  vitellogenesis  but  have 
this  process  interrupted  and  their  developing  oocytes 
reabsorbed  (Hannah  and  Parker,  2007;  Conrath  and 
Knoth,  2013).  This  phenomenon  is  commonly  found  in 
species  that  are  members  of  the  genus  Sebastes  (Nichol 
and  Pikitch,  1994).  It  can  be  distinguished  histologically 
because  immature  individuals  will  have  no  evidence  of  a 
prior  spawning  (beta  and  delta  atresia  or  postovulatory 
follicles).  In  contrast  to  work  that  has  examined  abortive 
maturity  that  occurs  in  immature  individuals,  analysis 
of  reproductive  failure  in  this  study  included  only  those 
individuals  that  had  reproduced  in  a  prior  year  and  were 
classified  as  mature  adults.  Almost  all  the  individuals 
captured  for  this  study  were  adults,  and  the  average 
size  of  fish  captured  for  this  study  (light  dusky  rockfish: 
458  mm  FL;  northern  rockfish:  414  mm  FL)  was  quite  a  bit 
larger  than  the  previously  reported  size  at  50%  maturity 
of  either  species,  310  mm  FL  for  northern  rockfish  and 
365  mm  FL  for  light  dusky  rockfish  (Chilton,  2007,  2010). 
This  difference  in  size  and  maturity  is  likely  the  reason 
that  no  individuals  undergoing  abortive  maturation  were 
collected  during  this  study. 

Skipped  spawning  may  ensure  that  fish  of  these  species 
spawn  only  in  years  when  adequate  energy  is  available  to 
produce  viable  embryos  or  to  optimize  their  lifetime  repro¬ 
ductive  output.  This  pattern  may  be  particularly  import¬ 
ant  for  rockfish  species  in  Alaska  that  are  long  lived  and 
have  a  periodic  life  history  strategy  (Winemiller  and  Rose, 
1992).  Skipped  spawning  may  occur  when  fish  experience 
decreased  food  availability  (Rideout  and  Rose,  2006;  McBride 
et  al.,  2015)  and  may  be  related  to  condition  and  energy 
reserves  (Skjaeraasen  et  al.,  2012;  Skjaeraasen  et  al.,  2015).  If 
skipped  spawning  is  related  to  energy  reserves,  it  will  likely 
vary  temporally  and  the  proportion  of  skipped  spawners  will 
fluctuate  with  changing  environmental  conditions.  Interan¬ 
nual  variability  in  the  amount  of  skipped  spawning  has  been 
documented  for  several  teleost  species,  including  haddock 
(Melanogramm us  aeglefinus)  in  the  northeast  Arctic  Ocean 
(Skjaeraasen  et  al.,  2015),  Atlantic  cod  ( Gadus  morhua)  off 
Newfoundland  and  Labrador,  Canada  (Rideout  et  al.,  2006), 
and  spring-spawning  Atlantic  herring  ( Clupea  harengus ) 
off  Norway  (Engelhard  and  Heino,  2006).  It  is  important  to 
consider  not  only  annual  changes  in  the  amount  of  skipped 
spawning  but  spatial  differences  in  rates  of  skipped  spawn¬ 
ing  across  the  geographic  range  of  a  species. 

The  lack  of  fertilization  type  of  skipped  spawning  has  not 
been  documented  in  rockfish  species  in  this  region  prior  to 
this  study.  This  type  of  skipped  spawning  is  similar  to  the 
retained  type  of  skipped  spawning  described  in  Rideout  et  al. 
(2005)  but  differs  for  the  live  bearing  species  of  the  genus 
Sebastes  because  it  is  caused  by  lack  of  fertilization.  In  north¬ 
ern  rockfish,  there  is  some  evidence  from  this  study  that  the 
fertilization  failure  type  of  skipped  spawning  occurred  more 
frequently  in  smaller  fish  (<42  cm  FL);  this  relationship 
was  not  apparent  in  light  dusky  rockfish.  Additional  studies 
examining  how  incomplete  fertilization  or  fertilization  failure 
may  relate  to  sex  ratios,  mate  availability,  mating  behavior 
and  competition,  and  female  size  and  experience  are  needed. 


However,  it  is  suspected  that  the  lack  of  fertilization  suc¬ 
cess  observed  in  this  study  may  be  due  to  a  large  copepod 
parasite  ( Sarcotaces  sp.)  that  can  be  found  within  the  body 
cavity  of  rockfish  species.  This  parasite  is  found  encysted 
in  the  skin  and  muscle  tissue  of  marine  fish,  particularly  in 
members  of  the  genus  Sebastes  in  the  North  Pacific  Ocean 
(Meyers  et  al.1).  In  some  species,  this  parasite  may  form  a 
physical  blockage  in  the  body  cavity  or  the  reproductive 
tract  and  create  problems  with  fertilization  and  spawning 
events.  This  parasite  appears  to  occur  frequently  in  dusky 
rockfish  (Sebastes  ciliatus )  (Worton2),  and  this  parasite 
is  frequently  seen  in  both  light  dusky  and  northern  rock¬ 
fish.  The  presence  and  number  of  this  parasite  were  not 
consistently  recorded  in  this  study;  therefore,  calculating 
a  correlation  value  between  this  parasitism  and  lack  of 
fertilization  was  not  possible.  Further  study  is  needed  to 
examine  the  correlation  between  reproductive  failure  and 
the  presence  of  this  parasite. 

Reproductive  failure  of  northern  and  light  dusky 
rockfish  has  not  been  documented  in  prior  studies  that 
examined  the  reproductive  parameters  of  these  species 
in  the  Gulf  of  Alaska  (Chilton,  2007,  2010).  TenBrink  and 
Spencer  (2013)  in  a  study  of  the  reproductive  biology  of 
Pacific  ocean  perch  and  northern  rockfish  mentioned  that 
a  small  number  of  specimens  may  have  been  skipped 
spawners  on  the  basis  of  the  presence  of  postovulatory 
follicles  and  atretic  oocytes,  but  skipped  spawning  appar¬ 
ently  was  not  common.  Specimens  for  this  project  were 
collected  in  2014,  when  there  was  a  warmwater  anomaly 
in  the  Gulf  of  Alaska.  This  mass  of  warm  water  devel¬ 
oped  in  the  northeast  Pacific  Ocean  during  the  winter 
of  2013-2014,  and  anomalies  of  warm  sea-surface  tem¬ 
peratures  reached  coastal  waters  of  Alaska  in  May  2014 
(Bond  et  al.,  2015).  This  area  of  warm  water  was  present 
through  the  end  of  2015  and  had  widespread  impacts 
on  the  oceanic  and  coastal  ecosystems  of  the  northeast 
Pacific  Ocean  (Cavole  et  al.,  2016).  It  is  possible  that  the 
2  reproductive  years  covered  by  my  study  were  impacted 
by  this  warmwater  mass  or  other  environmental  condi¬ 
tions  specific  to  this  time  period,  and  additional  study  of 
these  processes  during  a  more  comprehensive  time  span 
is  needed. 

The  greater  contribution  larger  females  make  to  several 
aspects  of  reproductive  potential  has  been  documented 
for  members  of  the  genus  Sebastes;  these  aspects  include 
increased  fecundity  (Beyer  et  al.,  2015),  increased  lar¬ 
val  quality  (Berkeley  et  al.,  2004),  and  earlier  spawning, 
more  protracted  spawning,  or  both  (Sogard  et  al.,  2008). 
The  results  of  this  study  indicate  that  larger  females  have 
higher  relative  fecundity  and  are  less  likely  to  experi¬ 
ence  total  reproductive  failure.  The  pattern  of  decreasing 
reproductive  failure  appears  to  be  driven  by  a  decrease  in 


1  Meyers,  T.,  T.  Burton,  C.  Bentz,  J.  Ferguson,  D.  Stewart,  and 
N.  Starkey.  2019.  Diseases  of  wild  and  cultured  fishes  in  Alaska, 
128  p.  Alaska  Dep.  Fish  Game,  Anchorage,  AK.  [Available  from 
website.] 

2  Worton,  C.  2018.  Personal  commun.  Alaska  Department  of  Fish 
and  Game,  351  Research  Ct.,  Kodiak,  AK  99615. 
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skipped  spawning  with  size  or  age.  This  pattern  has  also 
been  documented  for  deepwater  rockfish  species  in  the 
Gulf  of  Alaska  (Conrath,  2017).  A  relationship  between 
incomplete  fertilization  or  fertilization  failure  and  size 
was  not  observed  in  this  study. 

Reproductive  failure  has  the  potential  to  affect  recruit¬ 
ment  to  the  fishery  of  these  2  species  in  the  Gulf  of  Alaska; 
therefore,  it  is  critical  to  understand  how  this  aspect  of  the 
life  history  of  northern  and  light  dusky  rockfish  should 
inform  the  management  of  these  species.  Research  results 
indicate  that  spawning  stock  biomass  or  estimates  of 
oocyte  production  per  recruit  can  be  inflated  when  adult 
fish  that  are  not  spawning  are  included  as  a  part  of  the 
spawning  stock  (Rideout  et  al.,  2005;  Rideout  and  Rose, 
2006;  Sitar  et  al.,  2014).  Skipped  spawning  likely  varies 
with  metabolic  condition,  reflecting  environmental  param¬ 
eters.  Therefore,  the  proportion  of  a  population  of  northern 
rockfish  or  light  dusky  rockfish  that  is  not  spawning  likely 
varies  annually,  and  there  may  be  other  temporal  patterns 
in  reproductive  success  related  to  changes  in  abundance 
of  parasites,  prey,  and  predators  and  in  environmental 
parameters.  Time-series  data  on  reproductive  parameters 
and  specifically  on  rates  of  skipped  spawning  are  needed 
to  understand  the  implications  for  fish  populations  and 
their  management  (Rideout  and  Tomkeiwicz,  2011). 
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Abstract— Abundance  and  harvest 
of  rainbow  smelt  ( Osmerus  mordax) 
in  the  northwest  Atlantic  Ocean  have 
declined  sharply  in  recent  decades, 
with  a  concurrent  reduction  in  the  his¬ 
toric  geographic  range  of  this  species. 
These  declines  have  occurred  while 
management  responses  have  been 
limited  by  information  gaps  on  the  life 
history  of  this  species.  We  assessed 
reproductive  attributes  of  rainbow 
smelt  caught  in  marine  waters  during 
winter  and  compared  their  size  and 
age  characteristics  to  those  of  fish 
sampled  from  spring  spawning  runs 
in  4  coastal  rivers  in  Massachusetts. 
Total  fecundity  of  rainbow  smelt  was 
4880-51,651  oocytes.  Fecundity  was 
positively  related  with  total  length 
(TL),  total  weight,  ovarian  weight, 
and  age.  Immature  rainbow  smelt 
were  rarely  caught  during  spawning 
runs  but  composed  10%  of  the  marine 
samples.  This  observation,  a  maturity 
ogive  for  rainbow  smelt  from  marine 
waters,  and  differences  in  TL  of  age-1 
fish  between  marine  and  river  samples 
confirm  that  age-1  rainbow  smelt  are 
not  fully  recruited  to  spawning  runs. 
Samples  from  spawning  runs  had  a 
higher  proportion  of  age-1  rainbow 
smelt,  a  lower  proportion  of  those  age  3 
or  older,  a  higher  instantaneous  rate 
of  total  mortality,  and  a  lower  number 
of  eggs  produced  per  recruit  than  have 
been  previously  documented  for  rain¬ 
bow  smelt — all  indications  of  declining 
population  health. 
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The  northwest  Atlantic  Ocean,  includ¬ 
ing  the  Gulf  of  Maine,  is  among  the 
fastest-warming  marine  areas  in  the 
world  (Hare  et  al.,  2016).  The  rain¬ 
bow  smelt  (Osmerus  mordax)  is  an 
anadromous  species  that  has  adapted 
to  thrive  in  cold-water  environments 
(Driedzic  and  Ewart,  2004;  Driedzic 
and  Short,  2007)  and  is  restricted 
to  the  northwest  Atlantic  Ocean. 
Improvements  are  needed  in  our 
understanding  of  the  life  history  and 
population  dynamics  of  rainbow  smelt 
to  determine  conservation  strategies. 
The  rainbow  smelt  is  a  small,  short¬ 
lived  fish  that  matures  in  coastal 
waters  and  migrates  in  spring  to 
spawn  in  coastal  rivers.  This  species 
formerly  supported  important  com¬ 
mercial  and  recreational  fisheries  in 
the  Canadian  Maritime  provinces 
and  the  U.S.  waters  of  the  Gulf  of 
Maine  (Goode,  1884;  Kendall,  1926; 
Enterline  et  al.,  2012).  Rainbow  smelt 
fisheries  in  Massachusetts  were  regu¬ 
lated  for  rod-and-reel  harvest  only  for 
most  of  the  20th  century.  For  estuary 
ice-shack  fisheries  and  fall  shoreline 
fisheries,  popular  more  than  30  years 
ago,  participation  and  harvest  have 


declined  to  low  levels  (Chase1).  Rain¬ 
bow  smelt  can  be  essential  to  inland 
aquatic  food  webs  (Kircheis  and  Stan¬ 
ley,  1981;  O’Gorman  et  al.,  1987;  Sayers 
et  al.,  1989)  and  are  considered  import¬ 
ant  prey  for  a  variety  of  fish  and  wild¬ 
life  species  in  coastal  rivers  and  marine 
habitats  (Scott  and  Scott,  1988). 

Overall,  diadromous  fish  species 
have  experienced  severe  population 
declines  since  the  18th  century  with 
most  species  at  historically  low  levels 
of  abundance  in  the  northwest  Atlantic 
Ocean  (Limburg  and  Waldman,  2009). 
Anadromous  rainbow  smelt  have  expe¬ 
rienced  a  substantial  contraction  of 
the  southern  part  of  their  historical 
geographic  range  (Enterline  et  al., 
2012),  but  details  on  their  popula¬ 
tion  dynamics  and  life  history  remain 
poorly  known.  In  response  to  concerns 
over  populations  of  rainbow  smelt  in 
New  England,  NOAA  listed  anadro¬ 
mous  rainbow  smelt  as  a  species  of  con¬ 
cern  in  2004  (Federal  Register,  2004). 

1  Chase,  B.  C.  2006.  Rainbow  smelt  (Osmerus 

mordax)  spawning  habitat  on  the  Gulf  of 
Maine  coast  of  Massachusetts.  Mass.  Div. 
Mar.  Fish.  Tech.  Rep.  TR-30,  173  p.  [Avail¬ 
able  from  website.] 
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Table  1 

Summary  of  key  information  from  previous  studies  of  the  fecundity  of  rainbow  smelt  (Osmerus  mordax )  in  coastal  waters  of 
Massachusetts  and  Canada  and  in  the  Great  Lakes.  Data  provided  are  location,  type  of  population,  total  number  of  samples 
(n),  and  ranges  for  size,  measured  as  millimeters  in  total  length  (TL),  and  fecundity,  measured  as  the  number  of  mature  oocytes 
prior  to  spawning. 


Fecundity 

Citation  Location  Type  n  Size  (mm  TL)  (no.  of  oocytes) 


McKenzie,  1964 

New  Brunswick 

Anadromous 

9 

127-209 

8500-69,600 

Clayton,  1976 

Massachusetts 

Anadromous 

11 

127-204 

7038-44,241 

Chen,  1970 

Grande  Riviere,  Quebec 

Anadromous 

48 

160-225 

21,390-75,570 

Bailey,  1964 

Lake  Superior 

Landlocked 

10 

185-224 

21,534-40,894 

Chen,  1970 

Matamek  Lake,  Quebec 

Landlocked 

64 

202-280 

14,269-75,944 

Chen,  1970 

Lake  Erie,  Ontario 

Landlocked 

93 

115-194 

2700-37,520 

Chen,  1970 

Lake  Ontario,  Ontario 

Landlocked 

172 

109-256 

4766-100,780 

Luey  and  Adelman,  1984 

Lake  Superior 

Landlocked 

208 

145-225 

4323-50,418 

In  response,  a  regional  conservation  plan  for  rainbow 
smelt  in  the  Gulf  of  Maine  was  developed  and  documented 
range-wide  declines  in  harvest  records  for  rainbow  smelt 
(Enterline  et  al.,  2012).  Similar  concerns  have  been 
expressed  for  fisheries  and  populations  of  rainbow  smelt 
in  Canada  (Trencia  et  al.,  2005;  Verreault  et  al.,  2012). 

Anadromous  rainbow  smelt  reproduce  during  spring 
spawning  runs  in  freshwater  riffles  a  short  distance 
above  tidal  influence  (Kendall,  1926;  McKenzie,  1964; 
Murawski  et  al.,  1980;  Chase1).  Female  rainbow  smelt 
deposit  demersal,  adhesive  eggs  that  incubate  for  1-4 
weeks,  depending  on  water  temperature  (McKenzie, 
1964;  Chase  et  al.2),  and  hatched  larvae  are  transported 
to  estuarine  waters.  Female  rainbow  smelt  complete 
spawning  in  1-4  nights,  whereas  males  remain  longer 
on  spawning  grounds  (Marcotte  and  Tremblay,  1948; 
Murawski  et  al.,  1980).  This  brief  female  spawning  period 
is  consistent  with  reports  that  female  rainbow  smelt  pos¬ 
sess  a  single  set  of  mature  oocytes,  with  no  differences  in 
oocyte  size  and  maturity  among  ovary  locations  (Chen, 
1970;  Clayton,  1976). 

Rainbow  smelt  occur  in  anadromous  and  landlocked  pop¬ 
ulations  in  northeastern  North  America,  with  differences 
in  life  history.  Landlocked  rainbow  smelt  are  present  nat¬ 
urally  in  some  coastal  lakes;  however,  most  populations 
were  introduced  to  the  Great  Lakes  and  many  smaller 
watersheds  early  in  the  20th  century  (Van  Oosten,  1937; 
Evans  and  Loftus,  1987;  and  Mercado-Silva  et  al.,  2006). 
Landlocked  rainbow  smelt  grow  slower  and  are  smaller 
than  anadromous  rainbow  smelt,  and  they  mature  at  an 
older  age  (Bailey,  1964;  Luey  and  Adelman,  1984;  O’Malley 
et  al.,  2017).  The  maturity  schedule  and  fecundity  of  land¬ 
locked  rainbow  smelt  have  been  related  to  high  recruitment 
variability  (O’Gorman  et  al.,  1987;  Gorman,  2007;  Stritzel 
Thomson  et  al.,  2011),  and  comparable  information  on 


2  Chase,  B.  C.,  J.  H.  Plouff,  and  M.  Gabriel.  2008.  An  evaluation 
of  the  use  of  egg  transfers  and  habitat  restoration  to  establish 
an  anadromous  rainbow  smelt  spawning  population.  Mass.  Div. 
Mar.  Fish.  Tech.  Rep.  TR-33, 16  p.  [Available  from  website.] 


reproduction  of  anadromous  rainbow  smelt  is  not  available. 
Fecundity  has  been  reported  for  anadromous  populations  of 
rainbow  smelt,  but  with  small  sample  sizes  (combined  num¬ 
ber  of  samples  [/?]=68,  among  3  studies:  McKenzie,  1964; 
Chen,  1970;  and  Clayton,  1976).  Fecundity  of  landlocked 
rainbow  smelt  has  been  studied  in  the  Great  Lakes  (Bailey, 
1964;  Chen,  1970;  Luey  and  Adelman,  1984),  with  fecundi¬ 
ties  ranging  from  2700  to  100,780  eggs  (Table  1). 

With  a  paucity  of  population  data  and  gaps  in  basic 
life  history  information  for  anadromous  rainbow  smelt, 
limited  support  is  available  for  management  decisions 
on  population  status  and  vulnerability.  Here,  we  aim  to 
advance  the  understanding  of  the  reproductive  life  history 
of  rainbow  smelt  with  improved  estimates  of  fecundity,  of 
size  and  age  at  maturity,  and  of  length  and  age  composi¬ 
tion  during  spawning  runs.  We  also  estimated  mortality 
and  eggs  per  recruit  and  compared  the  results  to  historical 
data  for  rainbow  smelt.  A  key  assumption  was  that  the 
apparent  changes  in  abundance  of  rainbow  smelt  would 
be  reflected  in  truncated  age  structure  and  increasing 
mortality.  To  achieve  these  objectives,  rainbow  smelt  were 
sampled  as  part  of  an  inshore  winter  trawl  survey  prior  to 
spawning  and  later  in  4  coastal  rivers  in  Massachusetts 
during  their  spawning  migrations. 

Materials  and  methods 

Historically,  the  range  of  rainbow  smelt  once  extended  as 
far  south  as  Delaware  Bay  (Scott  and  Crossman,  1973), 
but  more  recent  information  indicates  that  populations 
south  of  Massachusetts  are  extinct  or  undetectable  (Fried 
and  Schultz3;  Enterline  et  al.,  2012).  For  this  study,  anad¬ 
romous  rainbow  smelt  were  sampled  near  the  present 
southern  extent  of  their  range  in  marine  waters  and 


3  Fried,  H.  A.,  and  E.  T.  Schultz.  2006.  Anadromous  rainbow  smelt 
and  tomcod  in  Connecticut:  assessment  of  populations,  conser¬ 
vation  status,  and  need  for  restoration  plan.  Univ.  Conn.,  Dep. 
Ecol.  Evol.  Biol.,  EEB  Article  18, 262  p.  [Available  from  website.] 
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Figure  1 

Map  of  the  study  area  in  Massachusetts  where  rainbow  smelt  (Osmerus  mor¬ 
dax)  were  sampled  in  2004—2007  for  analyses  of  their  fecundity  and  repro¬ 
ductive  life  history.  The  black  stars  denote  locations  where  fyke  net  sampling 
was  conducted  in  4  coastal  rivers  in  the  spring  during  spawning  runs,  and  the 
black  triangles  denote  the  locations  of  tows  completed  in  the  winter  during 
a  trawl  survey  in  marine  waters.  Sources  for  base  map  data:  Esri,  HERE, 
DeLorme,  Mapmyindia.  Base  map  data  copyrighted  OpenStreetMap  contribu¬ 
tors  and  the  GIS  user  community. 


coastal  rivers  from  Cape  Cod  Bay  to  Plum  Island  Sound, 
Massachusetts,  in  the  western  Gulf  of  Maine  (Fig.  1). 

Reproductive  analyses 

Fecundity  Rainbow  smelt  were  collected  and  frozen 
whole  during  a  trawl  survey  for  Atlantic  cod  ( Gadus 
morhua )  conducted  by  staff  of  the  Massachusetts  Divi¬ 
sion  of  Marine  Fisheries  aboard  a  commercial  vessel  in 
winter  from  2004  through  2007,  by  using  a  standardized 
2-seam,  high-rise  bottom-trawl  net  with  a  26.5-xn  sweep, 
25. 6  m  headrope,  11.43-cm  wing  mesh,  7.62-cm  codend 


mesh,  and  5.08-cm  mesh  liner  (Hoffman  et  al.4,5).  The 
meshes  were  diamond-shaped,  and  their  measurements 
were  taken  when  they  were  stretched.  The  target  time  for 
tows  was  30  min,  and  the  functional  headrope  height  was 


4  Hoffman,  W.  S.,  S.  J.  Correia,  and  D.  E.  Pierce.  2012.  Results 
of  an  industry-based  survey  for  Gulf  of  Maine  cod,  November 
2003-May  2005.  Mass.  Div.  Mar.  Fish.  Tech.  Rep.  TR-49,  37  p. 
[Available  from  website.] 

5  Hoffman,  W.  S.,  S.  J.  Correia,  and  D.  E.  Pierce.  2012.  Results 
of  an  industry-based  survey  for  Gulf  of  Maine  cod,  May  2006- 
December  2007.  Mass.  Div.  Mar.  Fish.  Tech.  Rep.  TR-50,  45  p. 
[Available  from  website.] 
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approximately  4.5  m.  This  winter  trawl  survey  provided 
an  opportunity  to  sample  maturing  rainbow  smelt  prior 
to  their  spawning  migration  into  coastal  rivers  and,  there¬ 
fore,  to  avoid  bias  associated  with  analyzing  fecundity 
of  fish  intercepted  during  spawning  runs  when  partially 
spawned  fish  are  present  and  oocytes  can  be  extruded 
during  handling. 

In  the  laboratory,  frozen  rainbow  smelt  were  thawed, 
excess  water  was  removed  with  absorbent  paper,  and 
total  weight  (TW,  to  the  nearest  0.01  g),  total  length 
(TL,  to  the  nearest  1  mm),  and  sex  were  recorded.  Sub¬ 
samples  of  female  rainbow  smelt  for  fecundity  analysis 
were  selected  with  a  target  sample  size  of  10  fish  for 
each  length  bin  of  10  mm.  Scales  were  removed  from  the 
female  subsamples  between  the  lateral  line  and  dorsal 
fin  for  age  determination  (Elzey  et  al.6).  Female  rain¬ 
bow  smelt  have  an  asymmetrical  ovarian  pair  with  a  left 
ovary  larger  than  the  right  one.  Ovaries  were  excised 
from  females,  excess  tissue  and  water  were  removed,  and 
ovarian  weight  (OW,  to  the  nearest  0.01  g)  and  matura¬ 
tion  stage  (Grim  and  Glebe,  1990)  were  recorded.  Any 
remaining  ovarian  tissue  and  membrane  that  could  not 
be  removed  was  assumed  to  represent  a  negligible  weight 
relative  to  the  total  ovary  weight.  Body  weight  (BW)  was 
recorded  as  TW-OW. 

Two  subsamples  of  oocytes  were  removed  for  fecundity 
analysis  from  each  paired  ovary:  one  subsample  anterior 
and  one  subsample  posterior  of  the  midpoint  of  each  ovary. 
The  sampling  protocol  targeted  500  oocytes/subsample  to 
estimate  egg  density.  Subsamples  were  placed  on  absor¬ 
bent  paper,  weighed  (to  the  nearest  0.01  g),  and  fixed  in 
3%  formalin  in  small  jars;  once  in  the  jars,  samples  were 
shaken  immediately  to  prevent  oocytes  from  clumping 
together.  Additionally,  to  confirm  previous  findings  of  syn¬ 
chrony  in  oocyte  development  (Chen,  1970;  Clayton,  1976), 
4  oocyte  subsamples  were  collected  from  4  rainbow  smelt 
before  samples  were  fixed  to  measure  oocyte  diameters. 
A  finding  that  all  oocytes  developed  at  the  same  rate  would 
support  the  use  of  determinate  methods  of  fecundity  esti¬ 
mation.  Again,  one  subsample  was  collected  anterior  and 
one  subsample  posterior  of  the  midpoint  of  each  ovary.  The 
diameter  and  maturity  stage  of  20  oocytes  were  recorded 
from  each  of  these  subsamples  with  an  ocular  micrometer 
(to  the  nearest  0.01  mm).  The  Kruskal-Wallis  rank  sum 
test  was  used  to  determine  if  there  were  differences  in 
oocyte  diameter  among  the  locations  in  the  ovary  where 
oocyte  samples  were  removed. 

Fixed  subsamples  of  oocytes  were  processed  for  fecundity 
analysis  by  counting  all  oocytes  with  a  compound  micro¬ 
scope  at  lOx  magnification.  We  calculated  total  fecundity, 
the  number  of  mature  oocytes  prior  to  spawning,  for  an 
individual  rainbow  smelt  as  the  product  of  the  mean  num¬ 
ber  of  oocytes  per  gram  for  the  4  oocyte  subsamples  and 
the  TW  of  the  paired  ovaries  (Nielsen  and  Johnson,  1983). 


6  Elzey,  S.  P.,  K.  J.  Trull,  and  K.  A.  Rogers.  2015.  Massachusetts 
Division  of  Marine  Fisheries  Age  and  Growth  Laboratory:  fish 
aging  protocols.  Mass.  Div.  Mar.  Fish.  Tech.  Rep.  TR-58,  43  p. 
[Available  from  website.] 


Oocyte  density  (total  estimated  number  of  oocytes  divided 
by  OW)  and  relative  fecundity  (total  fecundity  divided  by 
BW  in  grams)  also  were  calculated  as  reproductive  indices 
to  compare  among  age  classes. 

Total  fecundity  estimates  for  each  individual  were 
regressed  against  TL,  TW,  OW,  and  age  to  determine 
the  relationships  of  fecundity  to  size  and  age  of  rainbow 
smelt.  Regressions  and  the  Shapiro-Wilk  normality  test 
were  run  on  nominal  data  by  using  the  MASS  package, 
vers.  7.3-45  (Venables  and  Ripley,  2002),  in  the  statistical 
software  R,  vers.  3.3.0  (R  Core  Team,  2016).  The  response 
variable  and  some  predictor  variables  were  not  normally 
distributed,  and  all  nominal  regressions  had  patterns  of 
variance  inconsistency.  As  a  result,  both  dependent  vari¬ 
ables  and  independent  variables  were  log  transformed  to 
improve  normality  and  the  constancy  of  variance  (Sokal 
and  Rohlf,  1995).  All  analyses  were  performed  in  R,  vers. 
3.3.0.  The  level  of  statistical  significance  for  all  analyses 
was  0.05. 

Maturity  Maturity  and  sex  of  marine  samples  of  rainbow 
smelt  were  determined  by  macroscopic  gonad  examination. 
Immature  rainbow  smelt  were  readily  identified  because 
no  development  of  gonadal  tissue  was  visible;  in  contrast, 
the  well-developed  testis  and  ovaries  of  mature  samples 
occupied  a  majority  of  the  abdominal  cavity  space.  Matu¬ 
rity  ogives  are  important  biological  references  used  in 
stock  assessments  (ICES')  and  are  critical  for  description 
of  the  reproductive  potential  of  a  short-lived,  anadromous 
fish,  such  as  the  rainbow  smelt.  Logistic  models  are  com¬ 
monly  used  to  determine  the  relation  between  body  size 
and  sexual  maturity  (Roa  et  al.,  1999).  In  our  study,  we 
applied  a  generalized  linear  model  (GLM)  with  binomial 
error  structure  and  logit  link  function  by  using  the  MASS 
package  in  R  to  model  maturity  of  rainbow  smelt  (ICES'). 
All  marine  samples  of  rainbow  smelt  were  assigned  a 
maturity  status  (mature  or  immature)  that  was  used  as 
the  response  variable  in  the  model,  and  TL  was  used  as 
the  explanatory  variable.  The  GLM  assumes  that  all  sam¬ 
ples  are  independent  and  generates  a  multiyear  estimate 
of  the  maturity  ogive  for  sexes  combined.  The  GLM  esti¬ 
mates  maturity  at  length  when  50%  of  the  population  is 
mature  (L50).  A  maturity  ogive  was  not  prepared  for  the 
samples  collected  with  a  fyke  net  during  spawning  runs 
because  immature  rainbow  smelt  were  rare  or  absent  at 
the  4  stations  at  coastal  rivers  where  this  fyke  net  sam¬ 
pling  occurred. 

Maturity  and  condition  indices  (Crim  and  Glebe,  1990) 
were  generated  to  determine  if  maturation  patterns  were 
evident  among  age,  size,  and  area  subsets  and  to  com¬ 
pare  with  earlier  data  sets  (Chen,  1970;  Clayton,  1976). 
Values  of  Fulton’s  condition  factor,  calculated  as  K=(  TW/ 
TL3)x  100,000,  increase  with  increasing  weight  at  a  given 
length,  an  indication  of  better  physical  “condition”  for  a 


'  ICES  (International  Council  for  the  Exploration  of  the  Sea). 
2008.  Report  of  the  workshop  on  maturity  ogive  estimation  for 
stock  assessment  (WKMOG);  Lisbon,  Portugal,  3-6  June.  ICES 
CM  Documents  2008/ACOM:33,  72  p.  [Available  from  website.] 
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fish  (Ricker,  1975).  Differences  in  condition  factor  among 
sample  locations  and  sex  were  tested  with  the  Kruskal- 
Wallis  rank  sum  test  and  the  Kruskal-Wallis  multi¬ 
ple  comparison  test.  The  gonadosomatic  index  (GSI), 
calculated  as  (OW/BW)xlOO,  and  the  fecundity  index, 
calculated  as  total  fecundity/TL3,  were  determined  for 
marine  samples  and  the  Fulton’s  condition  factor  was 
calculated  for  both  the  river  and  marine  samples.  Sex 
ratios  of  rainbow  smelt  sampled  at  all  locations  were 
tested  for  significant  differences  by  using  the  chi-square 
test  (a=0.05). 

Size  and  age  analyses 

The  Massachusetts  Division  of  Marine  Fisheries  conducts 
annual  fyke  net  sampling  of  rainbow  smelt  at  spawning 
runs  in  coastal  rivers  to  monitor  abundance  and  size  and 
age  composition.  Fyke  nets  were  set  in  the  Jones,  Fore, 
Saugus,  and  Parker  Rivers  (Fig.  1)  at  mid-channel,  inter¬ 
tidal  locations  downstream  of  spawning  riffles  to  intercept 
spawning  rainbow  smelt  3  days  a  week  over  an  11-week 
spawning  run  (Chase  et  ah,  2009;  Enterline  et  al.,  2012). 
Fyke  nets  were  set  in  2004-2007;  however,  the  catch  data 
for  2004  were  not  used  because  of  changes  in  methods  fol¬ 
lowing  that  pilot  season.  The  fyke  nets  have  square  wings 
that  are  1.2  x  1.2  m  and  lead  to  a  square  entrance,  also  1.2  x 
1.2  m,  that  connects  to  7  hoops  with  a  terminal  codend 
after  2  throats  (all  mesh  sizes  were  7  mm).  At  all  locations, 
rainbow  smelt  were  counted  and  measured  for  TL,  and 
their  sex  was  determined.  Total  length  was  measured  for 
100  male  and  female  rainbow  smelt  from  each  haul,  with 
all  remaining  rainbow  smelt  enumerated  by  sex.  Spawn¬ 
ing  male  rainbow  smelt  are  readily  identified  by  the  pres¬ 
ence  of  nuptial  tubercles.  At  the  Fore  and  Saugus  Rivers, 
samples  were  collected  randomly  from  each  haul  to  addi¬ 
tionally  measure  TW  and  to  collect  scales  for  aging.  The 
subsamples  for  aging  were  collected  with  a  weekly  tally  of 
5  samples  per  10-mm  bin  per  sex. 

Length  and  weight  correction  Measurements  of  the  sam¬ 
ples  collected  with  a  fyke  net  were  made  when  fish  were 
fresh,  but  the  marine  samples  were  frozen  prior  to  pro¬ 
cessing.  To  allow  direct  comparison  of  length  and  weight 
data  for  the  2  sets  of  collections,  a  sample  of  rainbow  smelt 
caught  with  a  fyke  net  in  the  Fore  River  were  measured 
for  length  and  weight  before  and  after  they  were  frozen, 
and  changes  in  length  and  weight  were  compared  with 
regression  analysis. 

Length  analysis  The  TL  of  rainbow  smelt  collected  at  the 
4  stations  where  fyke  net  sampling  occurred  and  caught 
during  the  trawl  survey  were  evaluated  for  differences 
among  locations  and  sexes  by  using  the  Kruskal-Wallis 
rank  sum  test  and  the  Kruskal-Wallis  multiple  compar¬ 
ison  test.  Given  limitations  of  sample  sizes,  all  samples 
from  the  trawl  survey  were  pooled  for  the  study  period. 
Length  and  length-at-age  analyses  (only  for  samples  from 
the  Fore  River)  were  conducted  on  pooled  samples  for 
the  study  period  when  sample  sizes  allowed  meaningful 


comparisons.  The  interpretation  of  length  data  among 
sample  locations  must  be  made  cautiously  because  of 
the  within-season  repeat-spawning  behavior  of  males 
(Murawski  and  Cole,  1978)  and  changes  in  size  and  age 
of  rainbow  smelt  that  occur  temporally  during  a  spawning 
run  (Marcotte  and  Trembley,  1948;  McKenzie,  1964). 

Age  analysis  Age  keys  were  prepared  for  Fore  River 
samples  and  for  the  data  pooled  for  samples  from  the 
Fore  and  Saugus  Rivers.  Age  keys  combined  sexes  and 
annual  data  for  the  study  period.  The  pooled  age  key  was 
applied  to  length  frequencies  of  samples  from  the  Saugus, 
Jones,  and  Parker  Rivers  to  estimate  age  composition  for 
those  rivers.  The  age  compositions  were  applied  to  the 
Chapman-Robson  age-based  survival  estimator,  by  using 
the  Fishmethods  package,  vers.  1.10-4  (Nelson,  2017)  in 
R  to  estimate  annual  survival  (S)  and  instantaneous  total 
mortality  (Z)  rates.  Annual  age  data  for  each  sampling 
location  were  combined  for  the  study  periods  to  smooth  the 
effect  of  year-class  variation  and  as  a  practical  approach 
to  allow  a  comparison  of  sparsely  reported  population 
demographics  for  anadromous  rainbow  smelt.  The  annual 
age  proportions  estimated  for  rainbow  smelt  from  fyke  net 
sampling  were  compared  with  historical  data  (Murawski 
and  Cole,  1978;  Lawton  et  al.8)  by  using  the  chi-square 
test  (a=0.05). 

Length-weight  analysis  Length-weight  data  from  the 
trawl  survey  samples  were  compared  with  length-weight 
data  from  the  fyke  net  samples  to  examine  seasonal  differ¬ 
ences  in  condition  of  rainbow  smelt,  and  as  an  alternative 
means  to  consider  if  the  pooled  samples  of  rainbow  smelt 
from  the  trawl  survey  composed  a  representative  sample 
for  fecundity  analysis.  We  used  linear  regression  on  natu¬ 
ral  log-transformed  TL  and  TW  data  for  rainbow  smelt  col¬ 
lected  for  fecundity  analysis  and  fyke  net  monitoring.  The 
homogeneity  of  slopes  was  tested  by  analysis  of  covariance 
to  determine  if  length  or  weight  differed  significantly  by 
location,  sex,  or  age  class  (P<0.05).  Length  was  the  inde¬ 
pendent  variable,  weight  was  the  dependent  variable,  and 
location,  sex,  and  age  class  were  the  group  variables. 

Results 

Reproductive  analyses 

During  the  trawl  survey  in  2004-2007,  634  rainbow 
smelt  were  collected  from  13  tows  of  the  trawl  between 
11  January  and  5  March  (Fig.  1).  Rainbow  smelt  were 
captured  in  nearshore,  marine  waters  off  Massachusetts 
at  an  average  depth  of  38  m  (range:  19-89  m)  with  an 


8  Lawton,  R.,  P.  Brady,  C.  Sheehan,  S.  Correia,  and  M.  Bor- 
gatti.  1990.  Final  report  on  spawning  sea-run  rainbow  smelt 
(Osmerus  mordax )  in  the  Jones  River  and  impact  assessment  of 
Pilgrim  Station  on  the  population,  1979-1981.  Pilgrim  Nuclear 
Power  Station  Mar.  Environ.  Monit.  Program  Rep.  Ser.  4,  72  p. 
[Available  from  Mass.  Div.  Mar.  Fish.,  251  Causeway  St.,  Ste. 
400,  Boston,  MA  02114.] 
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Figure  2 

Length-frequency  distribution  of  rainbow  smelt  ( Osmerus  mordax)  caught 

(A)  during  a  trawl  survey  off  the  coast  of  Massachusetts  in  2004-2007  and 

(B)  at  a  fyke  net  station  in  the  Fore  River  in  2005-2007.  Samples  with  sex  not 
determined  were  immature  rainbow  smelt  that  had  gonadal  development  that 
was  insufficient  for  identifying  sex.  TL=total  length. 


average  water  temperature  of  3.6°C  at  the  surface  (range: 
0.7-8.9°C)  and  3.5°C  (range:  0.7-7.2°C)  on  the  bottom. 
The  highest  catch  rates  for  rainbow  smelt  occurred  in 
Cape  Cod  Bay  and  Massachusetts  Bay  at  an  average 
depth  of  26  m  (range:  19-30  m).  Of  the  total  sample,  255 
rainbow  smelt  were  male  (3  immature),  319  rainbow 
smelt  were  female  (1  immature),  and  the  sex  could  not  be 
determined  for  60  fish  (all  immature)  (Fig.  2A).  All  sam¬ 
ples  used  in  fecundity  analysis  (n=110)  were  aged  (except 
3  fish  for  which  the  scale  samples  had  degraded).  Sex,  TL, 
and  TW  were  recorded  for  all  captured  rainbow  smelt, 
except  for  fish  caught  during  3  tows  of  the  trawl  in  2007, 
when  females  in  unfilled  TL  bins  for  fecundity  analysis 
were  collected  and  all  other  rainbow  smelt  had  their  TL 
measured  and  sex  determined. 


Fecundity  Mean  total  fecundity  in  rainbow  smelt 
increased  270%  from  age  1  to  age  2  and  170%  from  age 
2  to  age  3  (Table  2).  The  highest  variability  in  fecun¬ 
dity  was  observed  for  age-2  rainbow  smelt  (Fig.  3A)  as 
a  consequence  of  the  wide  range  of  size  represented 
for  this  age  (Fig.  2A).  Mean  and  maximum  total  fecun¬ 
dity  of  age-3  and  age-4  fish  were  nearly  the  same,  and 
rainbow  smelt  of  both  ages  had  much  higher  minimum 
fecundity  than  fish  in  the  younger  age  classes  (Fig.  3A). 
In  regression  analysis,  total  fecundity  of  rainbow  smelt 
increased  significantly  with  each  measure  of  size  and 
age  (Table  3).  The  best-fitting  relationship  was  that 
of  fecundity  and  TW,  closely  followed  by  that  of  fecun¬ 
dity  and  TL  (Table  3,  Fig.  4).  Although  the  regression  of 
fecundity  versus  age  was  significant,  the  occurrence  of 
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Table  2 

Summary  statistics  for  rainbow  smelt  ( Osmerus  mordax)  sampled  during  a  trawl  survey  in  marine  waters  off  Massa¬ 
chusetts  in  2004-2007  and  for  analysis  of  their  fecundity.  Data  provided  are  sample  size  (n),  mean  length,  measured  in 
millimeters  in  total  length  (TL),  mean  total  weight  (TW),  mean  gonadosomatic  index  (GSI),  mean  ovarian  weight  (OW), 
mean  egg  density,  relative  fecundity,  measured  as  the  number  of  oocytes  divided  by  body  weight  (BW),  and  fecundity, 
measured  as  the  number  of  mature  oocytes  prior  to  spawning. 


Age 

n 

Mean 
length 
(mm  TL) 

Mean 
TW  (g) 

Mean 

GSI 

Mean 
OW  (g) 

Mean  egg 
density  (no. 
oocytes/OW) 

Mean  relative 
fecundity  (no. 
oocytes/BW) 

Fecundity 
(no.  of 
oocytes) 

Mean 
fecundity 
(no.  of  oocytes) 

1 

19 

137 

12.93 

6.53 

0.80 

13,234 

767 

4880-14,102 

9026 

2 

76 

184 

36.79 

11.23 

3.96 

8529 

747 

7885-50,001 

24,624 

3 

8 

215 

65.45 

15.10 

8.65 

6118 

789 

25,559-51,651 

42,957 
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88.34 
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Figure  3 

Boxplots  (A)  of  total  fecundity,  measured  as  the  number 
of  mature  oocytes  prior  to  spawning,  and  (B)  of  relative 
fecundity,  measured  as  the  number  of  oocytes  divided  by 
body  weight,  by  age  class,  for  rainbow  smelt  ( Osmerus  mor¬ 
dax)  sampled  during  a  trawl  survey  in  marine  waters  off 
Massachusetts  in  2004-2007.  The  lower  and  upper  hinges 
of  the  box  plots  correspond  to  the  25th  and  75th  percentiles. 
The  whiskers  extend  from  the  hinge  to  the  farthest  value 
no  more  than  1.5  times  the  interquartile  range  (distance 
between  the  25th  and  75th  percentiles).  Data  beyond  the 
end  of  the  whiskers,  called  outlying  points,  are  plotted 
individually. 


only  4  age  classes  and  low  sample  sizes  for  age-3  and 
age-4  rainbow  smelt  resulted  in  the  lowest  coefficient  of 
multiple  determination  CR2)  among  predictor  variables 
(Table  3).  Mean  oocyte  density  (number  of  eggs  per  gram) 
declined  sharply  with  age  (Table  2).  Mean  oocyte  den¬ 
sity  was  5  times  higher  in  age-1  rainbow  smelt  than  in 
age-4  rainbow  smelt.  Overall,  relative  fecundity  was  sim¬ 
ilar  among  age  classes  (Fig.  3B)  with  declines  in  oocyte 
density  with  age  compensated  by  increases  in  body  and 
ovary  size. 


Maturity  ogive  A  multiyear  maturity  ogive  for  both  sexes 
combined  was  estimated  from  the  sample  of  634  rainbow 
smelt  collected  with  a  trawl  in  marine  waters,  with  64  imma¬ 
ture  fish  included  (Fig.  5).  The  GLM  was  significant  for  the 
intercept  and  TL  (P<0.001)  and  estimated  L50  at  126.2  mm 
TL.  Maturity  ogive  estimates  were  not  possible  for  the  sam¬ 
ples  collected  in  coastal  rivers  with  a  fyke  net  during  spawn¬ 
ing  runs  because  of  the  near  absence  of  immature  rainbow 
smelt.  However,  mean  length  of  age-1  rainbow  smelt  (range: 
140-147  mm  TL)  was  greater  at  the  locations  of  fyke  net 
sampling  than  the  L50,  indicating  that  not  all  age-1  rainbow 
smelt  are  recruited  to  spawning  runs  (Table  4).  Our  data  are 
not  sufficient  to  produce  annual  ogives  or  separate  ogives  for 
each  sex.  A  slight  difference  in  maturity  ogive  between  sexes 
may  occur  given  the  differences  in  mean  length. 

Oocyte  diameter  The  diameters  of  oocytes  from  the  ova¬ 
ries  of  a  subsample  of  4  rainbow  smelt  were  measured 
before  samples  were  fixed  in  formalin  to  determine  if 
oocyte  diameter  and  maturity  differed  among  locations 
in  the  ovary  where  oocytes  were  removed.  There  was  no 
variation  in  oocyte  appearance  or  stage  among  samples: 
all  had  dense,  dark  yellow  yolk,  consistent  with  maturing 
oocytes  of  later  vitellogenic  stages  (Crim  and  Glebe,  1990). 
No  significant  differences  were  found  among  the  4  subsa¬ 
mples  of  rainbow  smelt  by  using  the  Kruskal- Wallis  rank 
sum  test  fy2=3.91,  5.78,  11.07,  and  6.72;  degrees  of  free¬ 
dom  (df)=6;  P>0.05).  No  further  oocyte  diameter  measure¬ 
ments  were  made  given  the  confirmation  of  the  reports  by 
Chen  (1970)  and  Clayton  (1976)  that  oocyte  maturity  of 
rainbow  smelt  was  evenly  distributed  along  ovaries  and 
the  subsequent  finding  that  fixing  the  remaining  samples 
in  3%  formalin  reduced  oocyte  size  and  distorted  shape. 

Size  and  age  analyses 

Fyke  net  samples  During  spawning  runs  in  the  spring 
of  2005-2007,  13,428  rainbow  smelt  were  caught  with 
fyke  nets  at  locations  in  4  coastal  rivers  (Table  5).  Rain¬ 
bow  smelt  were  caught  routinely  with  relatively  high  fre¬ 
quency  of  occurrence  in  hauls  at  each  location.  The  fyke 
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Table  3 

Regression  coefficients  from  analysis  of  the  relationships  of  fecundity  and  inde¬ 
pendent  variables  of  size  and  age  for  rainbow  smelt  (Osmerus  mordax)  collected 
in  marine  waters  off  Massachusetts  during  2004-2007.  Variables  were  log- 
transformed  for  all  regressions.  Standard  errors  of  the  mean  (SEs)  are  given  for 
intercept  and  slope  values.  All  values  for  the  E-statistic  are  significant  (P<0.001). 
f?2=coefficient  of  multiple  determination;  $2y.x=residual  mean  square. 


Variable 

n 

R2 

q2 

°  yx 

F 

Intercept  (SE) 

Slope  (SE) 

Length 

110 

0.891 

0.040 

884.9 

-6.404  (0.549) 

3.166(0.106) 

Total  weight 

110 

0.899 

0.037 

961.1 

6.765  (0.104) 

0.927  (0.030) 

Ovarian  weight 

110 

0.739 

0.096 
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Figure  4 

Regressions  of  the  relationships  between  fecundity  and  the 
size  and  age  of  rainbow  smelt  (Osmerus  mordax)  sampled 
in  marine  waters  off  Massachusetts  during  a  trawl  sur¬ 
vey  in  2004-2007.  See  Table  2  for  summary  statistics  from 
fecundity  analysis  and  Table  3  for  regression  coefficients. 

The  vertical  clusters  of  points  in  the  log  (Age)  graph  repre¬ 
sent  ages  1-4  from  left  to  right,  respectively.  The  dashed 
lines  indicate  the  fitted  regression  model  values.  Lengths 
are  given  as  total  lengths  in  millimeters,  and  weights  are 

total  weights  given  in  grams. 

net  sampling  at  the  location  in  the  Fore  River  had  the 
highest  total  catch,  frequency  of  occurrence,  and  catch 
per  unit  of  effort  (number  of  rainbow  smelt  per  overnight 
haul)  among  the  4  rivers.  The  results  that  follow  include 
comparisons  of  size  and  age  data  for  rainbow  smelt  caught 
during  the  trawl  survey  and  fyke  net  sampling. 


Length  and  weight  correction  A  random  sample  of  rainbow 
smelt  was  collected  with  the  fyke  net  in  the  Fore  River  to 
measure  length  and  weight  when  fish  were  fresh  (<12  h 
after  collection)  and  again  after  they  had  been  frozen  for 
3  months.  Regressions  were  generated  for  both  TL  and  TW. 
No  differences  were  found  in  the  regression  slopes  between 
sexes  through  analysis  of  covariance.  Therefore,  the  rela¬ 
tionship  between  data  for  fresh  and  frozen  samples  that 
was  used  to  correct  the  TL  of  trawl  samples  was  determined 
with  this  equation:  TLFresh=-1.88893+0.99075TLFrozen  (n=59, 
jR2=0.985,  PcO.OOl).  The  following  equation  was  used  to 
determine  the  relationship  between  data  for  fresh  and  frozen 
samples  that  was  used  to  correct  the  TW  of  trawl  samples: 
mFresh=-0-07561-f0.983697WFrozen  (n=59,  R2=0.996, 

P<0.001).  When  applied  to  data  for  trawl-caught  rainbow 
smelt,  these  corrections  increased  post-frozen  length  and 
weight  measurements  by  approximately  2^4%  and  decreased 
Fulton’s  condition  factor  by  approximately  4%. 

Length  analysis  Differences  in  TL  among  rainbow  smelt 
from  the  4  fyke  net  stations  and  from  the  trawl  samples 
were  evaluated  for  the  study  period  by  using  the  Kruskal- 
Wallis  rank  sum  test  and  the  Kruskal-Wallis  multiple 
comparison  test.  Several  trends  were  revealed  from  the 
analysis  of  pooled  length  data  (Fig.  6).  At  all  locations,  males 
were  shorter  than  females.  Also,  males  and  females  from 
the  southernmost  station  in  the  Jones  River  were  shorter 
than  those  from  all  other  locations,  and  males  from  the 
northernmost  station  in  the  Parker  River  were  significantly 
longer  than  those  from  all  other  locations.  Among  samples 
from  the  trawl  survey,  the  Fore  River,  and  the  Saugus  River, 
there  were  no  differences  in  TL  except  for  females  from  the 
Fore  River  and  Saugus  River.  This  finding  supports  the 
premise  that  it  was  suitable  to  pool  data  from  the  trawl 
samples  for  the  study  area  and  compare  length  and  age  dis¬ 
tributions  to  data  from  samples  collected  in  coastal  rivers. 
This  analysis  and  these  length-frequency  data  raise  no  con¬ 
cerns  over  possible  size  selection  that  could  have  resulted 
from  the  use  of  trawl  sampling  gear  (Fig.  2A). 

Analysis  of  differences  in  TL  among  aged  rainbow  smelt 
found  significant  differences  beyond  those  revealed  from 
the  previously  mentioned  analysis  of  pooled  length  data. 
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Figure  5 

Maturity  ogive  for  rainbow  smelt  (Osmerus  mordax)  sampled  in  marine  waters 
off  Massachusetts  in  2004-2007  (n=634),  derived  for  sexes  combined  from  a 
generalized  linear  model  with  binomial  error  and  logit  link  functions.  The 
dashed  line  indicates  the  length  at  which  50%  of  the  population  was  mature, 
126  mm  in  total  length.  The  gray  area  indicates  the  95%  confidence  interval 
of  the  maturity  ogive.  The  ogive  coefficients  are  significant  (P<0.001)  for  the 
intercept  (standard  error  [SE]  4.226)  and  total  length  (SE  0.033). 


Table  4 

Summary  of  total  lengths  (TLs)  of  rainbow  smelt  (Osmerus  mordax)  for  which  age  was  determined 
in  this  study.  Fish  were  sampled  in  Massachusetts  in  marine  waters  during  a  trawl  survey  in 
2004-2007  and  in  the  Fore  and  Saugus  Rivers  with  fyke  nets  in  2005-2007.  Significant  differences 
in  TL  among  age  and  location  groups  were  tested  with  the  Kruskal-Wallis  rank  sum  and  multiple 
comparison  tests  (a=0.05).  Asterisks  (*)  indicate  groups  with  significantly  different  TLs  within  each 
age  and  sex  category. 

Age 

Sex 

Sampling  location  or  type 

in) 

Mean  (mm) 

SE 

1 

Male 

Trawl  survey 

0 

Fore  River 

174 

140* 

0.88 

Saugus  River 

149 

147* 

0.98 

2 

Male 

Trawl  survey 

0 

Fore  River 

382 

180* 

0.61 

Saugus  River 

144 

189* 

1.12 

1 

Female 

Trawl  survey 

19 

137* 

2.46 

Fore  River 

77 

142 

1.45 

Saugus  River 

51 

145* 

1.46 

2 

Female 

Trawl  survey 

75 

184 

2.61 

Fore  River 

159 

191 

1.16 

Saugus  River 

39 

205* 

2.16 

All  fish  from  the  Saugus  River  were  larger  at  age  1  and 
age  2  than  fish  from  the  Fore  River  and  the  trawl  survey, 
except  for  age-1  female  rainbow  smelt  from  the  Fore  River 
(Table  4).  Total  lengths  of  age-1  and  age-2  females  from  the 
Fore  River  were  not  different  from  those  of  females  from 
the  trawl  survey.  Year-to-year  TL  comparisons  were  lim¬ 
ited  to  the  Fore  River  because  of  sample  sizes.  Differences 


were  found  among  3  comparisons  of  annual  data  for  sam¬ 
ples  from  the  Fore  River:  males  caught  in  2005  and  2007 
and  females  sampled  in  2007  with  females  captured  in 
both  2005  and  2006.  These  comparisons  of  length  statis¬ 
tics  may  reflect  changes  in  annual  growth  rates  and  cohort 
strength;  however,  these  results  can  be  confounded  by 
pooling  samples  by  year. 
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Table  5 

Summary  of  fyke  net  sampling  of  rainbow  smelt  ( Osmerus  mordax)  in  4  coastal  rivers  of  Massachu¬ 
setts  during  2005-2007.  Data  provided  are  drainage  area  of  each  river;  mean  monthly  discharge 
of  each  river,  given  as  cubic  meters  per  second  averaged  for  the  month  of  April  over  the  period 
2005-2007;  sample  size  ( n );  mean  catch  per  unit  of  effort  (overnight  haul)  (CPUE);  and  frequency 
of  occurrence  (FOC)  in  hauls  of  fyke  nets. 


River 

Drainage  area  (km2) 

Discharge  (m3/s) 

Year 

n 

CPUE 

FOC 

Parker 

156.4 

2.8 

2005 

924 

35.5 

0.53 

2006 

123 

4.2 

0.66 

2007 

563 

24.5 

0.61 

Saugus 

124.8 

1.9 

2005 

141 

4.4 

0.56 

2006 

1458 

48.6 

0.87 

2007 

2433 

76.0 

0.61 

Fore 

93.5 

2.4 

2005 

2131 

71.0 

0.90 

2006 

1014 

35.0 

0.90 

2007 

3435 

107.3 

0.81 

Jones 

76.7 

2.1 

2005 

489 

15.3 

0.72 

2006 

614 

21.3 

0.93 

2007 

103 

3.2 

0.50 

O) 

c 

0) 

TO 

O 


Jones  Fore  Saugas  Parker  Trawl 


Jones  Fore  Saugas  Parker  Trawl 


Figure  6 

Boxplots  of  total  length  of  (A)  female  and  (B)  male  rainbow  smelt  (Osmerus 
mordax)  sampled  in  Massachusetts  in  4  coastal  rivers  with  fyke  nets  in  2005- 
2007  and  in  marine  waters  during  a  trawl  survey  in  2004-2007.  Lengths  of 
female  rainbow  smelt  caught  in  the  Jones  River  are  significantly  different 
(Kruskal- Wallis  rank  sum  test:  a=0.05)  from  the  lengths  of  females  sam¬ 
pled  at  all  other  sampling  locations,  and  the  lengths  of  females  from  the  Fore 
River  are  significantly  different  from  those  of  females  from  the  Saugus  River. 
Lengths  of  male  rainbow  smelt  caught  in  the  Jones  and  Parker  Rivers  are  sig¬ 
nificantly  different  from  lengths  of  males  from  all  other  locations. 


Age  analysis  For  samples  caught  both  with  a  trawl  net  in 
marine  waters  and  with  a  fyke  net  in  coastal  rivers,  age  2 
was  the  most  abundant  age  class  of  rainbow  smelt,  and 
few  rainbow  smelt  older  than  age  2  were  present  (Table  2, 
Fig.  7).  Age-1  rainbow  smelt  composed  the  next  most  com¬ 
mon  age  class  with  evidence  of  fluctuations  in  annual 
recruitment.  Despite  our  collection  of  a  relatively  large 
sample  of  rainbow  smelt  from  the  trawl  survey  (n=634), 


this  sample  produced  only  12  age-3  and  4  age-4  female 
rainbow  smelt  for  fecundity  analysis. 

The  age  data  for  rainbow  smelt  from  fyke  net  sampling 
were  compared  with  data  from  2  previous  studies  that 
aged  rainbow  smelt  during  spawning  runs  in  the  Parker 
and  Jones  Rivers  (Murawski  and  Cole,  1978;  Lawton 
et  al.8).  A  lower  proportion  of  age-1  rainbow  smelt  were 
caught  from  the  Jones  and  Parker  Rivers  in  4  of  the 
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Figure  7 

Age-frequency  distribution  for  rainbow  smelt  ( Osmerus 
mordax)  sampled  in  4  coastal  rivers  in  Massachusetts 
during  spawning  runs  in  the  spring  of  2005-2007  as  part 
of  this  study  and  for  rainbow  smelt  caught  during  previous 
sampling  in  the  Parker  River  (Murawski  and  Cole,  1978) 
and  the  Jones  River  (Lawton  et  ah,  1990).  Age-frequency 
distribution  for  fish  from  the  Parker  and  Jones  Rivers 
were  significantly  different  between  years  (chi-square 
test:  df-3,  P<0.01),  except  for  rainbow  smelt  caught  at  the 
Parker  River  in  1974  and  2006  (P=0.444)  and  at  the  Jones 
River  in  2006  and  2007  (P=0.220). 


5  annual  samples  in  those  studies  than  in  each  of  the 
annual  samples  of  our  study  (Fig.  7).  The  change  is  most 
pronounced  in  the  Jones  River,  with  an  average  annual 
frequency  of  6%  for  age-1  rainbow  smelt  from  1979 
through  1981  and  55%  from  2005  through  2007.  Addi¬ 
tional  evidence  of  changes  in  age  structure  was  found  in 
the  Jones  River:  the  average  annual  frequency  of  age-3 


fish  decreased  from  23%  during  1979-1981  to  3%  during 
2005-2007.  These  comparisons  indicate  a  shift  in  age 
composition  with  a  larger  role  for  age-1  rainbow  smelt  in 
spawning  runs. 

The  Chapman-Robson  age-based  survival  estimator 
used  in  this  study  produced  lower  estimates  of  S  and 
higher  values  of  Z  for  rainbow  smelt  caught  in  the  Jones 
and  Parker  Rivers  than  the  estimates  reported  for  the 
previous  studies  (Table  6).  For  all  data  sets  of  ages  of 
rainbow  smelt,  Z  estimates  were  calculated  by  using  the 
Chapman-Robson  estimator  with  years  and  sexes  com¬ 
bined.  Samples  from  the  Fore  River,  with  the  highest  rep¬ 
resentation  of  rainbow  smelt  older  than  age  2,  had  S  and  Z 
estimates  closest  to  those  of  samples  from  the  Parker  and 
Jones  Rivers  in  the  earlier  studies.  Rainbow  smelt  from 
the  Jones  and  Saugus  Rivers  had  lower  S  and  higher  Z 
than  samples  from  the  Fore  River  and  those  examined  in 
Murawski  and  Cole  (1978)  and  Lawton  et  al.8,  as  well  as  in 
another  earlier  study  for  which  age  data  were  reported  for 
rainbow  smelt  in  the  Miramichi  River  in  New  Brunswick, 
Canada  (McKenzie,  1964). 

Length-weight  analysis  Length  and  weight  data  for  the 
rainbow  smelt  from  fyke  net  sampling  and  the  trawl  sur¬ 
vey  were  evaluated  as  a  measure  of  fish  condition  and  to 
determine  if  differences  occurred  among  sampling  locations 
(Table  7).  All  regressions  of  the  relationship  of  length  and 
weight  exhibited  allometric  growth  with  minor  apparent 
differences  between  the  trawl  samples  collected  in  winter 
and  fyke  net  samples  collected  in  spring.  For  all  compar¬ 
isons,  the  regression  slopes  were  larger  for  females  than 
males.  There  were  no  differences  in  the  same-sex  regression 
slopes  for  rainbow  smelt  collected  at  the  Fore  and  Saugus 
Rivers.  However,  for  both  sexes,  the  regression  slopes  for 
the  fyke  net  samples  collected  in  coastal  rivers  did  differ 
from  those  for  the  trawl  samples  collected  in  marine  waters. 
Female  rainbow  smelt  were  significantly  heavier  at  length 
than  males  for  all  locations,  and  the  marine  samples  were 
heavier  at  length  than  the  river  samples. 

Sex  ratio  The  trawl  samples  collected  in  winter  included 
significantly  more  females  than  males  (1.3: 1.0  female-to- 
male  ratio;  chi-square  test:  x2=7.13,  df=l,  P=0.008),  and  the 
fyke  net  samples  collected  in  spring  included  significantly 
more  males  than  females  (male-to-female  ratios:  Jones 
River,  1.8: 1.0;  Fore  River,  3.3: 1.0;  Saugus  River,  10.6:1.0; 
and  Parker  River,  5. 7:1.0;  chi-square  test:  x2=88>  1092, 
1653,  and  533,  respectively,  df=l,  PcO.OOl).  The  higher 
number  of  males  captured  with  the  fyke  net  is  a  sampling 
bias  that  resulted  from  males  spawning  more  frequently 
than  females  (Marcotte  and  Tremblay,  1964;  McKenzie, 
1964;  Murawski  et  al.,  1980).  It  is  possible  that  the  unbal¬ 
anced  sex  ratio  found  in  trawl  samples  is  biased  by  a  higher 
proportion  of  males  than  females  for  the  60  immature  rain¬ 
bow  smelt  that  were  excluded  from  the  sex  ratio  estimate. 

Condition  indices  Fulton’s  condition  factor  for  the  trawl 
samples  from  marine  waters  and  for  the  fyke  net  sam¬ 
ples  from  the  Fore  and  Saugus  Rivers  ranged  between 
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Table  6 

Estimates  of  survival  (S)  and  total  instantaneous  mortality  (Z)  of  rainbow  smelt  ( Osmerus  mordax ) 
sampled  in  4  coastal  rivers  of  Massachusetts  in  2005-2007  for  this  study  and  of  rainbow  smelt  in 
previous  studies.  For  all  data  sets,  annual  age  keys  were  applied  to  length-frequency  data,  and  age  data 
from  sample  years  and  sexes  were  combined  and  applied  to  the  Chapman-Robson  age-based  survival 
estimator  with  age-1  fish  excluded. 


Sampling 


location  or  type 

Years 

Source 

n 

S(SE) 

Z  (SE) 

Fore  River 

2005-2007 

This  study 

2762 

0.12  (0.004) 

2.11  (0.03) 

Saugus  River 

2005-2007 

This  study 

1427 

0.11(0.008) 

2.23  (0.07) 

Jones  River 

2005-2007 

This  study 

526 

0.08(0.011) 

2.52  (0.14) 

Parker  River 

2005-2007 

This  study 

803 

0.10(0.010) 

2.27  (0.10) 

Trawl  survey 

2004-2007 

This  study 

517 

0.10(0.013) 

2.28  (0.12) 

Miramichi  River 

1949-1953 

McKenzie,  1964 

18,072 

0.28  (0.003) 

1.27(0.01) 

Parker  River 

1974-1975 

Murawski  and  Cole,  1978 

1595 

0.16(0.008) 

1.82  (0.05) 

Jones  River 

1979-1981 

Lawton  et  al.,  1990 

34,268 

0.18  (0.002) 

1.71(0.01) 

Table  7 

Regression  coefficients  from  length-weight  analysis  (log-transformed  total  length  and  total  weight  data) 
for  rainbow  smelt  (Osmerus  mordax)  sampled  in  Massachusetts  in  2004-2007  in  marine  waters  during  a 
trawl  survey  and  at  the  Fore  River  and  Saugus  River  with  fyke  nets.  SE=standard  error;  i?2=coefficient 
of  multiple  determination;  I=immature  rainbow  smelt  with  undetermined  sex. 


Sampling  location 


or  type 

Sex 

Age 

n 

Intercept  (a) 

Slope  ( b ) 

Slope  SE 

R2 

Fore  and  Saugus 

F 

All 

353 

-13.11 

3.20 

0.03 

0.96 

Rivers  combined 

M 

All 

899 

-12.88 

3.14 

0.02 

0.97 

Fore  River 

F 

All 

285 

-13.12 

3.21 

0.04 

0.96 

M 

All 

597 

-12.81 

3.13 

0.02 

0.97 

F 

1 

76 

-11.28 

2.83 

0.13 

0.87 

F 

2 

159 

-12.55 

3.10 

0.12 

0.81 

F 

3 

43 

-13.97 

3.37 

0.18 

0.89 

Saugus  River 

F 

All 

68 

-13.08 

3.19 

0.08 

0.96 

M 

All 

302 

-12.96 

3.15 

0.03 

0.97 

F 

1 

28 

-15.30 

3.63 

0.25 

0.89 

F 

2 

39 

-10.16 

2.64 

0.25 

0.75 

Trawl  survey 

F 

All 

277 

-14.23 

3.41 

0.04 

0.96 

M 

All 

215 

-14.59 

3.47 

0.05 

0.96 

I 

All 

59 

-12.76 

3.09 

0.14 

0.89 

F 

2 

76 

-13.48 

3.26 

0.10 

0.94 

0.5  and  0.6,  and  values  were  similar  to  those  estimated 
by  Chen  (1970),  except  immature  rainbow  smelt  from  the 
trawl  survey  had  an  average  factor  <0.5.  Females  had 
higher  values  than  males  for  each  sampling  location  in 
Kruskal- Wallis  rank  sum  tests:  %2=170.41  (Fore  River), 
X2=38.57  (Saugus  River),  x2=34.40  (marine  waters),  df=l, 
P<0.001.  Kruskal-Wallis  multiple  comparison  tests  found 


the  condition  factor  for  males  from  the  Saugus  River  to  be 
lower  than  that  for  males  from  both  the  Fore  River  and 
marine  waters,  but  among  females,  only  rainbow  smelt 
from  the  Fore  River  and  trawl  survey  had  different  values 
(the  factor  for  samples  from  the  Fore  River  was  higher). 
Fulton’s  condition  factor  for  age-2  females  differed  for  all 
locations  (Kruskal-Wallis  rank  sum  test:  x2=  17.71,  df=2, 
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PcO.OOl).  The  GSI  values  ranged  from  3.5%  to  38.1%  and 
increased  with  length  and  age  (Table  2). 

Discussion 

The  comparison  of  rainbow  smelt  caught  during  winter  in 
coastal  waters  off  Massachusetts  to  rainbow  smelt  caught 
during  spring  spawning  runs  in  coastal  rivers  contributes 
information  about  sparsely  described  aspects  of  the  repro¬ 
ductive  life  history  of  anadromous  rainbow  smelt.  Data 
from  this  comparison  provide  quantitative  relationships 
of  fecundity  with  size  and  age,  a  maturity  ogive,  the  first 
ogive  available  for  anadromous  rainbow  smelt,  and  bio¬ 
logical  references  necessary  to  investigate  influences  on 
recruitment  of  rainbow  smelt.  Age  and  length  data  indi¬ 
cate  that  the  role  of  age-1  rainbow  smelt  in  spawning 
populations  may  be  increasing.  During  the  study  period, 
the  proportion  of  age-1  rainbow  smelt  in  spawning  runs 
was  higher  than  proportions  previously  found  in  Massa¬ 
chusetts  (Murawski  and  Cole,  1978;  Lawton  et  al.8),  and 
differences  in  the  size  of  age-1  rainbow  smelt  and  their 
proportion  of  the  run  age  composition  were  observed 
between  proximate  spawning  runs.  The  point  of  increas¬ 
ing  participation  of  age-1  rainbow  smelt  in  spawning  runs 
is  supported  by  our  data;  however,  future  investigations 
should  consider  that  the  collection  methods  were  not 
identical  between  studies,  raw  length  and  age  data  were 
not  available  for  samples  in  the  other  studies,  and  age 
composition  data  in  all  studies  were  derived  from  pooled 
age  keys. 

The  cause  of  differences  in  life  history  characteristics 
among  populations  of  rainbow  smelt  is  not  well  described. 
Our  findings  of  differences  in  length  and  age  imply 
that  maturation  and  growth  rates  vary  over  a  modest 
geographical  range.  Kovach  et  al.  (2013)  conducted  an 
analysis  of  genetic  population  structure  for  anadromous 
rainbow  smelt  from  the  Gulf  of  Maine,  including  sam¬ 
ples  from  the  4  fyke  net  stations  in  Massachusetts,  and 
found  differences  within  this  small  geographic  range  but 
no  river-level  genetic  variation.  The  populations  of  the 
Fore  River  and  Saugus  River  were  most  similar  geneti¬ 
cally  (and  were  also  examined  as  a  single  Boston  Harbor 
group).  The  populations  of  the  Parker  River  and  Jones 
River  were  related  to  the  Boston  Harbor  group,  but  a 
majority  of  their  genetic  distinctiveness  was  associated 
with  other  populations  north  of  the  Parker  River  and 
south  of  the  Jones  River. 

Fecundity  and  maturation 

The  small  sample  sizes  of  previous  studies  of  fecundity 
in  rainbow  smelt  limited  the  quantitative  analyses  of 
fecundity  data  and  the  interpretation  of  life  history  rel¬ 
evance.  The  number  of  samples  collected  from  the  trawl 
survey  and  used  in  fecundity  analysis  in  our  study  (n=110) 
more  than  doubled  that  of  the  largest  previous  study  of 
anadromous  rainbow  smelt  (n=48;  Chen,  1970),  and  anal¬ 
yses  with  those  samples  included  fecundity  regression 


relationships  with  4  size  and  age  predictor  variables.  Our 
collection  of  late-winter,  marine  rainbow  smelt  avoided 
biases  associated  with  sampling  during  active  spawning 
runs.  The  sample  size  of  110  was  reached  by  pooling  trawl 
tows  and  years,  and  pooling  data  does  not  allow  inferences 
on  annual  or  geographic  differences.  The  general  similar¬ 
ities  in  length  distributions,  length-weight  relationships, 
and  age  structure  among  the  sample  locations  indicate 
that  pooling  samples  from  the  trawl  survey  over  the  study 
range  (approximately  120  km)  was  suitable  for  regression 
analysis.  A  similar  conclusion  can  be  made  on  the  pool¬ 
ing  of  age  samples  by  year  and  sex  and  the  application 
of  age  keys  to  sample  rivers  where  rainbow  smelt  were 
not  aged.  Our  analysis  would  be  improved  with  the  ability 
to  consider  annual  differences  in  age  composition  by  river 
and  sex.  However,  the  suspected  influences  of  differences 
in  annual  growth  rates  and  cohort  strength  on  changes  in 
mean  length  do  not  appear  to  translate  to  large  changes 
in  length-at-age  data  and  age  modes  for  this  fast  growing, 
short-lived  species. 

Our  finding  of  increasing  total  fecundity  and  generally 
stable  relative  fecundity  with  age  is  interesting  because 
of  the  implication  of  the  higher  reproductive  potential  of 
the  uncommon  older  rainbow  smelt  due  to  higher  fecun¬ 
dity  and  large  oocyte  size  (Hixon  et  ah,  2014).  However, 
neither  our  study  nor  past  reproductive  studies  of  rain¬ 
bow  smelt  have  quantitatively  addressed  this  point. 
Further  investigation  is  needed  on  the  role  of  oocyte 
size  and  fecundity  in  anadromous  smelt  reproductive 
potential. 

The  2  previous  studies  with  higher  numbers  of  samples 
for  fecundity  analysis  were  focused  on  landlocked  popu¬ 
lations  of  rainbow  smelt  (n=172,  Chen,  1970;  n=208,  Luey 
and  Adelman,  1984).  Chen  (1970)  found  that  fecundity 
for  3  landlocked  populations  and  1  anadromous  popula¬ 
tion  of  rainbow  smelt  was  significantly  related  to  fork 
length,  BW,  OW,  and  age.  His  estimates  of  relative  fecun¬ 
dity  for  the  4  stocks  indicate  that  the  anadromous  stock 
was  the  most  productive  and  had  the  highest  mean  Ful¬ 
ton’s  condition  factor  for  both  sexes.  Luey  and  Adelman 
(1984)  found  significant  differences  in  growth,  fecun¬ 
dity-length  relationship,  and  length  distribution  among 
3  regions  in  western  Lake  Superior  over  a  range  of  220 
km;  yet  the  differences  were  slight.  They  suspected  that 
these  population  differences  were  related  to  selective 
pressures  (environmental  and  predatory)  from  the  rela¬ 
tively  recent  introduction  of  rainbow  smelt  to  the  Great 
Lakes  (Luey  and  Adelman,  1984).  They  also  found  few 
significant  differences  in  length  frequency  among  gear 
types,  years,  and  sampling  locations  but  consistent  differ¬ 
ences  in  length  distribution  between  males  and  females 
(Luey  and  Adelman,  1984). 

A  comparison  of  the  maturity  ogive  derived  from 
marine  samples  to  the  length-at-age  data  from  river 
samples  indicates  that  not  all  age-1  rainbow  smelt  are 
recruited  to  annual  spawning  runs.  Our  study  also  pro¬ 
vides  evidence  of  a  higher  proportion  of  age-1  rainbow 
smelt  in  the  spawning  runs  than  has  been  found  in  previ¬ 
ous  studies.  The  actual  extent  of  changes  in  the  maturity 
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schedule  of  anadromous  rainbow  smelt  cannot  be  deter¬ 
mined  because  of  the  lack  of  previous  ogive  estimates, 
sampling  differences,  and  limited  historical  information 
on  cohort  dynamics  and  raw  length  data.  Our  work  high¬ 
lights  important  data  gaps,  especially  the  lack  of  under¬ 
standing  of  the  environmental  and  phenotypic  triggers 
on  maturity  of  rainbow  smelt  and  of  the  underlying  influ¬ 
ences  that  caused  the  increase  of  age-1  rainbow  smelt  in 
spawning  runs. 

Eggs  per  recruit 

The  estimates  of  Z  and  fecundity  at  age  generated  in 
this  study  were  applied  to  an  eggs-per-recruit  (EPR) 
analysis  that  used  the  Fishmethods  package  in  R  and 
compared  inputs  from  previous  studies  of  rainbow  smelt 
in  the  Parker  River  (Murawski  and  Cole,  1978),  Jones 
River  (Lawton  et  al.8),  and  Miramichi  River  (McKenzie, 
1964).  The  purpose  of  the  EPR  analysis  was  to  deter¬ 
mine  how  lifetime  fecundity  responds  to  changes  in  fish¬ 
ing  mortality  (F).  We  introduce  the  EPR  analysis  here, 
in  the  “Discussion”  section,  because  of  its  dependency 
on  historical  references  for  model  input  parameters  and 
exploratory  approach.  The  model  assumes  that  fecundity 
has  not  changed  over  time  and  requires  assigned  values 
for  F  and  natural  mortality  (M);  however,  no  empiri¬ 
cal  measurements  exist  for  rainbow  smelt  in  our  study 
area.  Murawski  and  Cole  (1978)  used  McKenzie’s  (1964) 
age  data  for  rainbow  smelt  from  the  Miramichi  River  to 
derive  Z  (1.043)  and  tagging  data  to  derive  F  (0.062)  and 
used  the  equation  Z=M+F  to  estimate  M  as  0.981;  then 
they  applied  M  to  derive  an  F  of  0.268  for  the  population 
of  rainbow  smelt  in  the  Parker  River  during  1974-1975. 
These  values  were  used  in  our  study  as  starting  points  for 
a  sensitivity  analysis  on  assumed  levels  of  M  and  F  given 
the  estimates  of  Z. 

The  most  influential  inputs  for  the  EPR  model  are  M 
and  the  proportion  offish  mature  at  each  age  (PMAT).  The 
only  value  available  for  the  proportion  of  mature  age-1 
anadromous  rainbow  smelt  is  the  0.6  derived  from  the 
trawl  survey  data  used  in  this  study.  The  first  run  of  the 
EPR  model  was  made  with  PMAT  fixed  at  0.6  for  all  data 
sets  except  the  data  set  from  the  study  of  rainbow  smelt 
from  the  Miramichi  River  where  slower  growth  resulted 
in  no  age-1  rainbow  smelt  participating  in  the  spawn¬ 
ing  run.  The  results  shown  in  Figure  8A  indicate  that 
samples  from  the  Parker  and  Jones  Rivers  in  the  1970s 
and  1980s  had  the  highest  EPR  despite  having  higher 
Z  than  those  from  the  Miramichi  River.  The  Miramichi 
River  sample  had  the  strongest  presence  of  older  rain¬ 
bow  smelt;  however,  with  no  age-1  rainbow  smelt  in  the 
spawning  run  at  that  location,  lifetime  EPR  was  lower. 
Results  of  the  EPR  analysis  indicate  that  the  rainbow 
smelt  populations  in  rivers  in  our  study  had  relatively 
low  and  stable  EPR  and  that  reducing  F  caused  little 
improvement  to  EPR  because  Z  was  dominated  by  M. 
The  model  estimated  that  EPR  for  rainbow  smelt  in  the 
Jones  River  declined  38%  from  that  reported  in  Lawton 
et  al.8  and  that  EPR  for  those  in  the  Parker  River  declined 


24%  from  that  reported  in  Murawski  and  Cole  (1978)  (at 
F=0.200  on  the  x-axis,  Fig.  8A). 

In  the  interest  of  investigating  the  role  of  age-1  matu¬ 
rity,  PMAT  was  reduced  to  0.3  for  the  data  sets  based 
on  samples  from  the  Parker  and  Jones  Rivers  for  a 
second  run  of  the  model.  The  decline  in  EPR  from  the 
model  run  with  a  PMAT  of  0.6  to  the  model  run  with 
a  PMAT  of  0.3  for  hypothetical  spawning  runs  reflects 
the  importance  of  age-1  participation  in  the  spawning 
runs  sampled  for  this  study:  with  PMAT  reduction,  the 
EPR  for  samples  from  the  Jones  River  declined  32%  and 
the  EPR  for  samples  from  the  Parker  River  declined 
29%  (at  F=0.200  on  the  x-axis,  Fig.  8B).  The  third  run 
of  the  EPR  model  was  used  to  analyze  the  potential  for 
reduced  F  in  samples  collected  during  spawning  runs  for 
this  study  (Fig.  8C).  For  the  first  run  of  the  EPR  model, 
F  was  set  at  0.268,  the  Murawski  and  Cole  (1978)  esti¬ 
mate  for  rainbow  smelt  from  the  Parker  River,  for  all 
samples  of  spawning  runs  except  those  from  the  Mira¬ 
michi  River  for  which  an  F  estimate  of  0.062  was  avail¬ 
able.  However,  the  fishery  for  rainbow  smelt  in  the  1970s 
occurred  during  winter  from  ice  shacks  set  in  the  inter¬ 
tidal  Parker  River.  That  ice-shack  fishery  is  essentially 
gone  because  it  is  uncommon  in  recent  winters  for  estu¬ 
ary  ice  to  be  thick  enough  to  safely  support  shack  fishing. 
Therefore,  the  third  EPR  analysis  set  F  at  0.000,  with 
Z  equal  to  M  (Fig.  80.  Under  this  scenario  of  high  M, 
the  decline  in  EPR  estimated  in  our  study  from  the  EPR 
reported  for  earlier  studies  was  44%  for  samples  from  the 
Jones  River  and  33%  for  samples  from  the  Parker  River 
(at  F=0.200  on  the  x-axis,  Fig.  80.  Changes  in  growth 
and  maturity  are  possible  influences  that  caused  the 
proportion  of  age-1  rainbow  smelt  found  in  spawning 
runs  sampled  in  our  study  to  increase.  However,  this 
influence  cannot  be  separated  from  cohort  dynamics 
without  further  studies. 

Evidence  from  our  study  and  previous  studies 
(Murawski  and  Cole,  1978;  O’Malley  et  al.,  2017)  sup¬ 
ports  the  premise  that  age-1  anadromous  rainbow  smelt 
are  partially  recruited  to  spring  spawning  runs.  Further, 
our  data  indicate  that  the  proportion  of  age-1  rainbow 
smelt  in  spawning  runs  in  the  study  area  has  increased 
from  the  level  observed  several  decades  ago  and  that  the 
presence  of  rainbow  smelt  older  than  age  2  has  declined. 
The  decline  in  the  proportion  of  older  rainbow  smelt  in 
the  spawning  run  is  the  primary  influence  that  results  in 
higher  Z  estimates  in  this  study.  The  higher  proportion  of 
age-1  rainbow  smelt  does  not  directly  affect  Z  estimates 
because  this  cohort  is  not  fully  recruited  and  excluded 
from  survival  estimates.  It  has  been  noted  that  more 
males  than  females  are  precocious  at  age  1  in  spawning 
runs  of  anadromous  rainbow  smelt  (Murawski  and  Cole, 
1978;  Sutter,  1980).  In  this  study,  a  higher  proportion  of 
males  than  females  was  found  for  mature  age-1  rainbow 
smelt  at  each  river  sampled  with  a  fyke  net,  at  ratios 
similar  to  the  sex  ratios  for  all  ages  combined  from  fyke 
net  sampling;  however,  the  bias  created  by  a  higher  rate 
of  repeat  spawning  in  males  limits  the  quantification  of 
the  true  sex  ratio. 
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Figure  8 

Eggs-per-recruit  curves,  which  examine  variation  in  lifetime  fecundity  in  response  to 
changes  in  fishing  mortality  (F),  for  anadromous  rainbow  smelt  sampled  in  Massachu¬ 
setts  in  4  coastal  rivers  with  fyke  nets  in  2005-2007  (this  study)  and  in  marine  waters 
during  a  trawl  survey  in  2004—2007  (this  study)  and  sampled  in  the  Miramichi  River, 
Canada,  in  1949-1953  (McKenzie,  1964),  the  Parker  River  in  1974-1975  (Murawski  and 
Cole,  1978),  and  the  Jones  River  in  1979-1981  (Lawton  et  al.,  1990).  (A)  Curves  for  fish 
collected  from  several  sampling  locations  in  this  study  and  in  previous  studies,  with  the 
proportion  of  fish  mature  at  age  (PMAT)  assigned  as  0.6  for  all  but  one  of  the  locations 
and  as  0.0  for  the  Miramichi  River.  (B)  Curves  with  the  PMAT  set  as  0.6  and  0.3  for 
samples  from  the  Parker  River  (gray  lines)  and  Jones  River  (black  lines)  for  previous 
studies  (solid  lines)  and  this  study  (dashed  lines).  (C)  Curves  with  the  F  component  of 
Z  set  as  0.268  or  0.000  for  samples  from  the  Parker  River  and  Jones  River  for  previous 
studies  and  this  study. 
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Implications  for  populations  of  rainbow  smelt 

A  synopsis  of  information  on  stocks  of  rainbow  smelt  in 
the  Gulf  of  Maine  led  to  the  conclusion  that  sharp  declines 
have  occurred  in  fisheries  for  and  abundance  of  rainbow 
smelt  in  recent  decades  (Enterline  et  al.,  2012).  In  Mas¬ 
sachusetts,  participation  in  rainbow  smelt  fisheries  has 
declined  to  very  low  levels,  and  fisheries  have  ceased  in 
most  estuarine  rivers  where  winter  ice  is  no  longer  suffi¬ 
cient  to  support  fishing.  However,  empirical  measures  of 
changes  in  population  data  related  to  this  declining  trend 
are  absent.  The  fecundity  data  presented  here  indicate 
that  reproductive  potential  has  been  lost  with  the  decline 
in  the  proportion  of  rainbow  smelt  in  spawning  runs 
that  are  age  3  or  older.  This  change  is  most  pronounced 
in  the  spawning  runs  in  the  Jones  River,  where  our  data 
indicate  that  large  increases  in  age-1  rainbow  smelt  and 
decreases  in  rainbow  smelt  age  3  or  older  have  occurred. 
The  results  of  analysis  indicate  declines  of  20-40%  in 
EPR  from  previous  studies  to  this  study  for  populations 
sampled  in  the  Jones  and  Parker  Rivers,  and  these  esti¬ 
mates  are  most  influenced  by  changes  in  Z,  which  does 
not  include  partially  recruited  age-1  rainbow  smelt.  Given 
these  age  structure  changes  and  that  rainbow  smelt  age 
3  or  older  are  nearly  5  times  as  fecund  as  age-1  rainbow 
smelt,  spawning  runs  today  may  be  recruitment  limited. 
Despite  this  implication,  the  high  proportion  of  age-1  rain¬ 
bow  smelt  in  spawning  runs  observed  in  this  study  may 
be  important  for  population  survival:  current  spawning 
runs  would  experience  even  lower  EPR  with  lower  levels 
of  maturation  among  age-1  fish.  Further  investigations  on 
recruitment  relationships  and  fecundity  of  rainbow  smelt 
with  sampling  from  a  wider  geographic  range  and  longer 
temporal  scale  are  needed  to  assist  management  and  res¬ 
toration  efforts  for  rainbow  smelt. 

Size  at  age  has  been  reported  to  decline  with  increasing 
latitude  for  spawning  populations  of  anadromous  rainbow 
smelt  (McKenzie,  1964;  Pouliot,  2002;  Enterline  et  al., 
2012;  O’Malley  et  ah,  2017).  A  large  majority  of  landlocked 
and  anadromous  rainbow  smelt  in  populations  from  east¬ 
ern  Maine  northward  historically  matured  at  age  2  (Rupp, 
1959;  McKenzie,  1964;  Chen,  1970).  Age-1  rainbow  smelt 
are  known  to  spawn  at  variable  rates  in  U.S.  waters  of 
the  Gulf  of  Maine,  with  higher  percentages  found  in  Mas¬ 
sachusetts,  lower  percentages  in  rivers  of  western  Maine, 
and  near  absence  in  Canadian  Maritime  provinces  (Warfel 
et  al.,  1943;  McKenzie,  1964;  Murawski  and  Cole,  1978; 
Pouliot,  2002;  Enterline  et  ah,  2012).  In  Massachusetts, 
age-2  rainbow  smelt  have  been  found  to  form  the  pre¬ 
dominant  cohort  in  spawning  runs,  with  low,  fluctuating 
percentages  observed  for  age-1  and  age-3  cohorts,  age-4 
fish  being  uncommon,  and  fish  of  ages  5-6  rarely  observed 
(Murawski  and  Cole,  1978;  Lawton  et  al.8). 

Temperature-related  differences  in  growth  rates  may 
be  a  cause  of  the  decline  in  proportion  of  age-1  rainbow 
smelt  in  spawning  runs  with  increasing  latitude.  Murawski 
and  Cole  (1978)  back-calculated  length  at  age  from  scales 
of  rainbow  smelt  from  the  Parker  River  and  found  close 
agreement  with  the  actual  mean  length  at  age,  except  for 


age-1  fish.  The  lower  back-calculated  size  at  age-1  indi¬ 
cates  that  only  larger  age-1  rainbow  smelt  were  recruited 
to  the  spawning  run.  The  proportion  of  age-1  females  was 
also  lower  than  that  of  age-1  males  in  the  spawning  run, 
and  Z  was  lower  in  females  than  in  males  (Murawski  and 
Cole,  1978).  These  findings  suggest  a  trade-off  for  matura¬ 
tion  of  rainbow  smelt  in  which  fast-growing  rainbow  smelt 
that  mature  in  their  first  year  may  realize  greater  lifetime 
reproductive  potential  but  are  exposed  to  higher  mortality 
than  fish  that  mature  later.  Both  our  study  and  the  pre¬ 
vious  studies  of  rainbow  smelt  in  Massachusetts  found 
a  higher  proportion  of  males  than  females  among  age-1 
fish  in  spawning  runs  (Murawski  and  Cole,  1978;  Sutter, 
1980;  Lawton  et  al.8).  The  difference  between  sexes  may  be 
related  to  the  longer  schedule  and  larger  energy  allocation 
required  for  oogenesis  than  for  spermatogenesis  that  has 
been  found  in  landlocked  rainbow  smelt  (Chen,  1970;  Foltz 
and  Norden,  1977). 

The  maturation  schedules  of  species  of  Pacific  salmon 
( Oncorhynchus  spp.)  are  likely  the  best  studied  of  all  diadro- 
mous  species.  Natural  selection  influences  maturation  strat¬ 
egies  in  Pacific  salmon  species  as  reflected  by  oocyte  size  and 
fecundity  (Campbell  et  al.,  2006).  Phenotypic  differences  in 
egg  size  and  maturation  in  species  of  Pacific  salmon  have 
been  related  to  water  temperature  and  growth  rates,  with 
fast  growth,  early  maturation,  high  fecundity,  and  small  egg 
size  thought  to  be  a  response  to  lower  survival  rates  (Mur¬ 
ray  and  McPhail,  1988;  Kinnison  et  al.,  1998).  Further  work 
is  needed  to  determine  if  the  selective  pressures  on  Pacific 
salmon  species  are  similar  to  those  on  anadromous  rainbow 
smelt,  given  their  phylogenetic  proximity. 

Luey  and  Ad  el  man  ( 1984)  suggested  that  landlocked  pop¬ 
ulations  of  rainbow  smelt  are  prone  to  selective  pressures 
on  their  reproductive  life  history  because  they  are  small, 
fast  growing,  and  short-lived.  The  variability  of  size  and 
age  in  spawning  populations  of  anadromous  rainbow  smelt 
in  the  broader  geographic  region  of  New  England  (Chase 
et  al.,  2009;  Enterline  et  al.,  2012;  O’Malley  et  al.,  2017)  sup¬ 
ports  the  expectation  of  a  link  between  growth  rates  and 
maturation  schedule.  Results  from  genetic  analyses  of  rain¬ 
bow  smelt  in  our  study  area  by  Kovach  et  al.  (2013)  provide 
evidence  of  gene  flow  among  the  4  locations  where  fyke  nets 
were  deployed  and  indicate  that  larval  dispersal  is  most 
influenced  by  circulation  patterns  in  the  Gulf  of  Maine  and 
that  the  circulation  patterns  were  more  influential  to  pop¬ 
ulation  genetic  structure  than  natal  homing.  More  infor¬ 
mation  is  needed  to  determine  environmental  influences, 
maturation  thresholds,  and  population  recruitment  conse¬ 
quences  across  a  wider  geographic  range  for  the  species. 

Our  data  provide  evidence  of  differences  in  length  and 
suggest  that  there  are  differences  in  growth  among  popula¬ 
tions  of  rainbow  smelt  over  a  small  spatial  scale.  However, 
the  spatial  and  temporal  scales  of  our  data  do  not  allow 
inferences  on  interpopulation  differences  in  reproductive 
life  history  traits.  Further  work  is  needed  to  determine  the 
nature  of  phenotypic  divergence  in  reproductive  life  history 
of  anadromous  rainbow  smelt  across  the  geographic  range 
of  this  species  and  on  the  population-level  consequences  of 
phenotypic  plasticity  in  age  and  size  at  maturity. 
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Abstract— The  aim  of  this  study 
was  to  estimate  the  age  and  growth 
parameters  of  the  Panamic  stingray 
( Urotrygon  aspidura )  of  the  Pacific 
coast  of  Colombia.  Vertebral  centra 
were  removed  from  309  individuals 
and  used  for  estimation  of  age.  The 
results  of  edge  type  and  marginal 
increment  analysis  indicate  an  annual 
formation  of  band  pairs.  The  maximum 
ages  estimated  were  7.5  and  5.5  years 
for  female  and  male  Panamic  sting¬ 
rays,  respectively.  Individual  growth 
was  described  through  a  multi-model 
approach  and  inference,  by  using  von 
Bertalanffy,  Gompertz,  and  logistic 
models  with  2  and  3  parameters  each 
and  a  two-phase  growth  model  with  4 
and  5  parameters.  A  two-phase  growth 
function  of  5  parameters  with  adjusted 
age  provided  the  best  description  of 
growth  for  females  (asymptotic  disc 
width  [DWJ-24.71  cm,  growth  coef¬ 
ficient  [&]=0.47  cm/year,  disc  width  at 
birth  [DW0]=8.18  cm,  age  at  transition 
between  2  phases  [th  or  inflection  point 
of  the  curve]  =2.32  years,  and  maximum 
difference  in  disc  width  at  age  between 
von  Bertalanffy  and  two-phase  models 
]/i]=0.36)  and  males  (DV1G--15.96  cm, 
&=1.63  cm/year,  DW0= 8.07  cm,  th= 
2.22  years,  h= 0.54).  The  growth  curves 
were  dissimilar  between  sexes  mainly 
after  the  inflection  point,  and  differ¬ 
ences  were  found  for  all  parameters, 
except  for  th.  The  Panamic  stingray  is 
a  fast-growing  and  short-lived  elasmo- 
branch,  similar  to  other  species  of  the 
Urotrygonidae. 
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Understanding  the  growth,  age,  mat¬ 
uration  processes,  and  longevity  of 
elasmobranch  species  is  necessary  to 
evaluate  population  status  and  to  pre¬ 
dict  variations  over  time  (Cailliet  and 
Goldman,  2004),  as  well  as  to  develop 
management  and  conservation  initia¬ 
tives  (Harry  et  ah,  2010;  Smart  et  ah, 
2013).  Rajiformes  are  the  batoid  group 
for  which  the  greatest  number  of  stud¬ 
ies  on  age  and  growth  have  been  car¬ 
ried  out  (Shark-References,  vers.  2015, 
bibliography  database  available  from 
website),  mainly  because  of  their  size 
and  commercial  importance.  Con¬ 
versely,  small  species  of  no  commercial 
importance,  such  as  those  belonging 
to  the  Urolophidae  and  Urotrygonidae 
(Order  Myliobatiformes),  have  received 
less  attention,  despite  being  abundant 
bycatch  in  shrimp  trawl  fisheries  (Rico- 
Mejfa  and  Rueda,  2007;  Santander- 
Neto,  2015;  Clarke  et  ah,  2016). 


Age  and  growth  studies  for  the  Uro¬ 
trygonidae,  both  in  the  American 
Pacific  and  Atlantic  Oceans,  have  iden¬ 
tified  that  species  of  the  genus  Uroba- 
tis  (Babel,  1967;  Hale  and  Lowe,  2008; 
Morales-Azpeitia  et  ah,  2013;  Smith 
et  ah,  2013;  Spieler  et  ah,  2013)  as  well 
as  those  of  the  genus  Urotrygon  (Mejia- 
Falla  et  ah,  2014;  Guzman-Castellanos, 
2015;  Santander-Neto,  2015)  have  high 
growth  rates,  low  maximum  ages,  and 
early  maturation,  compared  with  other 
batoid  species  (Frisk,  2010)  and  with 
elasmobranchs  in  general  (Cortes,  2000). 

The  Panamic  stingray  inhabits  the 
Eastern  Tropical  Pacific  (Robertson 
and  Allen,  2015)  and  is  abundant  as 
bycatch  in  the  shrimp  trawl  fishery 
of  that  region  (Amezcua  et  ah,  2006; 
Navia  et  ah,  2009;  Navarro-Gonzalez 
et  ah,  2012).  Despite  its  high  incidence 
in  this  fishery,  this  species  has  been 
little  studied  with  work  done  on  only 
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its  diet  (Navarro-Gonzalez  et  al.,  2012)  and  morphology 
(Gonzalez-Isais  and  Montes-Dommguez,  2016;  Montes- 
Dominguez  and  Gonzalez-Isais,  2017;  Navarro-Gonzalez 
et  al.,  2018).  Consequently,  it  is  categorized  as  a  data 
deficient  species  in  the  International  Union  for 
Conservation  of  Nature  IUCN  Red  List  (Valenti  and 
Robertson,  2009). 

The  high  catch  volumes  of  Panamic  stingrays  in  the 
shrimp  trawl  fishery  in  the  central  zone  of  the  Pacific 
coast  of  Colombia,  the  significant  increase  in  the  domi¬ 
nance  of  this  species  in  the  elasmobranch  assemblage  of 
the  study  area,  the  decrease  in  the  catch  rate  (Navia  and 
Mejfa-Falla,  2016),  and  the  lack  of  information  on  its  life 
history  traits  highlight  the  importance  of  contributing  rel¬ 
evant  information  for  future  population  assessments.  The 
aim  of  this  study  was  to  estimate  and  compare  the  age  and 
growth  parameters  of  male  and  female  Panamic  stingrays, 
by  using  a  multi-model  approach  and  inference. 


Materia!  and  methods 
Specimen  collection 

Individuals  of  the  Panamic  stingray  were  collected  from 
an  area  of  small-scale,  shallow-water  shrimp  fishing  oper¬ 
ations  in  the  central  zone  of  the  Pacific  coast  of  Colom¬ 
bia  (from  4°34'N,  77°21'W  to  2°31'N,  78°34'W),  during 
2006-2009  and  2015.  The  number  of  animals  collected 
was  lower  during  the  first  quarter  of  the  year,  given  the 
closure  of  the  shrimp  trawl  fishery  in  these  months  along 
the  Pacific  coast  of  Colombia.  This  area  has  sandy-muddy 
substrate  and  shallow  (<8.3-m  depth),  warm  (between 
25°C  and  29°C),  and  brackish  (salinity  between  21.8  and 
25.6)  waters  (Mejfa-Falla,  2012). 

Rays  were  measured  (disc  width  [DW],  in  centimeters), 
their  sex  was  determined,  they  were  eviscerated,  and  part 
of  the  vertebral  column  from  the  abdominal  region  was 
extracted,  tagged,  and  frozen  until  analysis  was  done  later 
in  the  laboratory.  Differences  in  DW  between  sexes  were 
evaluated  by  using  a  Mann- Whitney  test. 

Vertebrae  processing  and  band-pair  counts 

Vertebrae  were  cleaned  manually  by  using  a  scalpel  to 
eliminate  the  excess  of  muscle  and  connective  tissue 
and  to  obtain  the  vertebral  centra.  The  diameter  of  ver¬ 
tebrae  was  measured  sagittally,  and  then  the  vertebrae 
were  grouped  in  3  size  categories:  large  (2.50-3.30  mm), 
medium  (1.60-2.49  mm),  and  small  (0.70-1.59  mm). 
Tests  were  carried  out  by  using  different  thicknesses  of 
cut,  stains,  and  times  of  staining  for  each  vertebra  size. 
Vertebral  sections  were  rinsed  with  distilled  water  and 
polished  before  being  observed.  The  best  combination  for 
the  visualization  of  bands  was  0.4-mm  sagittal  sections, 
stained  with  light  green  (0.05%)  for  5  min  for  small  ver¬ 
tebrae  and  with  methylene  blue  (0.001%)  for  10  min  for 
medium  vertebrae  and  for  20  min  for  large  vertebrae. 
Sections  were  observed  by  using  an  optical  microscope 


under  transmitted  light.  Photographs  were  taken  along 
with  the  respective  scale  by  using  the  Zen  lite1  (blue  ed., 
vers.  1.0)  microscope  software  for  light  microscopy  sys¬ 
tems  (Carl  Zeiss  Microscopy,  LLC,  Jena,  Germany),  and 
the  growth  bands  were  measured  along  the  border  of  the 
corpus  calcareum  of  each  vertebra,  by  using  the  Zen  lite 
microscope  software. 

Two  readers  (reader  1  had  the  most  experience)  per¬ 
formed  a  training  exercise  of  counting  the  bands  of  a 
subsample  (sample  size  [ft] =100)  to  refine  the  methods, 
identification  criteria,  and  counts  of  translucent  bands. 
The  following  criteria  were  established:  1)  identification 
of  the  presence  of  a  pair  of  growth  bands  (one  translucent 
and  one  opaque),  defined  as  a  band  pair;  2)  identification 
of  a  birth  band  through  a  change  in  the  angle  of  the  corpus 
calcareum  in  the  closest  place  to  the  focus  of  the  vertebra; 
and  3)  enumeration  of  translucent  bands.  The  2  readers 
then  did  an  independent  band  count  of  the  whole  sample, 
without  knowing  the  sex  or  size  of  the  specimens.  The 
translucent-band  counts  were  compared,  and  if  the  band 
counts  did  not  coincide  between  readings  (with  differences 
in  band  counts  of  3  or  more),  a  third  reading  was  made  to 
reach  a  consensus;  if  no  consensus  was  reached,  the  sam¬ 
ple  was  discarded. 

Bias  and  precision  between  readers 

Different  methods  were  employed  to  evaluate  bias  and 
precision  of  readings,  on  the  basis  of  independent  readings 
(Cailliet  and  Goldman,  2004).  The  bias  between  readers 
was  evaluated  through  an  age-bias  plot  (Campana  et  al., 
1995)  and  Bowker’s  test  for  symmetry  (Hoenig  et  al., 
1995).  The  age-bias  plot  relates  the  band-pair  count  of 
reader  1  (x-axis)  versus  the  mean  band-pair  count  of  reader  2 
(y-axis).  The  second  test  was  used  to  evaluate  whether  dif¬ 
ferences  between  readings  by  reader  1  and  2  were  due  to 
random  events  (P>0.05)  or  systematic  errors  (P<0.05),  by 
using  a  chi-square  test. 

The  percentage  of  vertebrae  that  could  be  read  was 
calculated  as  (number  of  read  vertebrae/total  number  of 
samples)xl00.  The  percentage  of  agreement  between 
readers  was  calculated  as  (number  of  agreements/total 
number  of  readings)xl00,  taking  into  account  differences 
of  0,  1,  and  2  band  pairs. 

The  average  percent  error  (APE)  and  the  coefficient 
of  variation  (CV)  between  readers  were  also  evalu¬ 
ated,  taking  into  account  variations  of  each  reading 
with  respect  to  the  mean  value  of  readings,  as  follows 
(Beamish  and  Fournier,  1981;  Campana  et  al.,  1995; 
Campana,  2001): 
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1  Mention  of  trade  names  or  commercial  companies  is  for  identi¬ 
fication  purposes  only  and  does  not  imply  endorsement  by  the 
National  Marine  Fisheries  Service,  NOAA. 


Torres-Paiados  et  al.:  Age  and  growth  parameters  of  Urotrygon  aspidura 


171 


x 100,  (2) 


where  =  the  ith  reading  for  individual  j; 

Xj  =  the  average  band-pair  count  for  individual  j; 

R  -  the  number  of  readings  (one  for  each  reader); 
and 

n  =  the  number  of  readings  for  the  entire  sample. 

Low  values  of  these  indices  indicate  greater  precision 
between  readers  (Campana,  2001). 

Periodicity  in  band-pair  formation 

The  periodicity  in  the  formation  of  vertebral  band  pairs 
in  Panamic  stingrays  was  evaluated  through  the  analysis 
of  edge  type  (qualitative  approach)  and  of  the  marginal 
increment  (MI)  index  (quantitative  approach).  For  the 
edge  type,  the  band  at  the  edge  of  each  vertebra  (opaque 
or  translucent  and  growing  or  ending  band)  was  identi¬ 
fied,  and  the  monthly  frequency  of  each  combination  was 
calculated.  The  MI  was  estimated  on  the  basis  of  the  fol¬ 
lowing  measures  taken  of  each  vertebral  sagittal  section 
with  the  Zen  lite  microscope  software:  radius  (R,  or  dis¬ 
tance  from  the  focus  to  the  vertebral  edge),  and  distance 
from  the  focus  to  the  last  (Rn)  and  next-to-last  (Rn_i)  com¬ 
pletely  formed  band.  The  MI  was  estimated  by  using  this 
equation:  M/=CR-i?n)/(i?n-J?n.1)  (Hayashi,  1976),  and  the 
average  value  was  calculated  and  plotted  per  month.  Dif¬ 
ferences  in  Mis  among  months  were  evaluated  by  using  a 
Kruskal-Wallis  test. 

Growth  models  and  parameters 

Two  data  sets  of  age  were  built;  the  first  considers  the 
months  with  peaks  of  reproduction,  and  the  second  does 
not  include  this  reproductive  information  (Harry  et  al., 
2010;  Mejia-Falla  et  al.,  2014).  In  the  first  case  (adjusted 
analysis),  the  time  between  birth  and  the  first  band  for¬ 
mation  was  considered,  on  the  basis  of  the  reproductive 
cycle  of  the  species  obtaining  a  mean  value  for  all  data. 
Along  the  Pacific  coast  of  Colombia,  Panamic  stingray 
present  2  birth  peaks  per  year  (in  January  and  August; 
P.  Mejia-Falla,  unpubl.  data),  and  the  month  of  growth  band 
formation  occurs  in  October-November  (see  the  “Results” 
section).  Therefore,  the  times  between  birth  and  formation 
of  the  first  growth  band  (9-10  or  2-3  months)  have  a  mean 
of  6  months  (0.5  years),  a  value  that  was  subtracted  from 
the  total  number  of  translucent  bands  counted.  For  the 
second  data  set,  it  was  assumed  that  the  first  band  pair 
is  formed  1  year  after  birth,  irrespective  of  reproductive 
seasonality;  therefore,  a  value  of  1  was  subtracted  from 
the  total  number  of  translucent  bands  counted.  For  exam¬ 
ple,  an  individual  with  3  translucent  bands  counted  had 


an  age  of  2.5  years  for  the  first  data  set  and  an  age  of 
2.0  years  for  the  second  data  set. 

A  multi-model  approach  was  used  to  describe  growth. 
Eight  models  were  fitted  by  using  age  and  DW  data  of 
individuals:  the  von  Bertalanffy  growth  model  (VBGM; 
von  Bertalanffy,  1938),  Gompertz  growth  model  (Ricker, 
1979),  and  logistic  growth  model  (Ricker,  1979)  were  fit¬ 
ted  with  2  and  3  parameters,  and  the  two-phase  growth 
model  (TPGM;  Soriano  et  al.,  1992)  was  fitted  with  4  and 
5  parameters  (Suppl.  Table  1)  (online  only).  Models  with  2 
and  4  parameters  include  a  DW0  parameter,  for  which  the 
birth  DW  at  7.5  cm  was  used  (P.  Mejia-Falla,  unpubl.  data). 
The  parameter  BY/ ..  is  the  theoretical  asymptotic  width, 
representing  the  average  disc  width  at  age  that  individ¬ 
uals  in  a  stock  would  attain  if  they  grew  indefinitely.  The 
annual  k  is  the  relative  growth  rate  at  which  a  stingray 
reaches  DW„  at  age.  The  parameter  t0  is  the  theoretical 
age  at  zero,  a  point  on  the  time  axis  when  mean  DW  at  age 
is  zero.  Models  with  4  and  5  parameters  included  th,  which 
is  the  age  at  which  the  transition  between  the  2  phases 
occurs  (inflection  point),  and  h  is  the  maximum  difference 
in  DW  at  age  between  the  VBGM  and  the  TPGM  at  the  fh. 

Parameters  of  the  models  were  estimated  by  maximum 
likelihood  method.  The  most  adequate  model  was  chosen 
on  the  basis  of  biological  and  statistical  fit.  Biological  fit 
was  based  on  known  maximum  DW,  DW  at  birth,  and  DW 
at  maturity  (26.5,  7.5,  and  15  cm  DW,  respectively;  P.  Mejia- 
Falla,  unpubl.  data).  Statistical  relevance  was  evaluated 
by  calculating  Akaike  information  criterion  (AIC,,  Akaike, 
1973),  as  well  as  the  difference  in  AICj  between  models  (Aj) 
and  Akaike  weight  (w^,  for  each  ith  model,  as  follows: 


A/C, 

=  21n(L)  +  2  p, 

(3) 

A, 

=  AJCi-A/Cmin,  and 

(4) 

wi 

g(-°.5Ai) 

(5) 

y  J-°-SAi)  ’ 

where  p  =  the  number  of  parameters; 

L  =  maximum  likelihood; 

A;  =  the  difference  between  each  model’s  AIC;;  and 
A/Cmin  =  the  lowest  AIC;  of  all  models. 

Models  with  A;  values  between  0  and  2  have  substantial 
statistical  support,  those  with  values  between  4  and  7 
have  moderate  support,  and  those  with  values  >10  have 
no  support  (Burnham  and  Anderson,  2002).  With  multi¬ 
model  inference,  if  one  model  does  not  obtain  an  Akaike 
weight  value  over  0.9  or  if  several  models  have  sub¬ 
stantial  statistical  support,  it  is  advisable  to  estimate  a 
weighted  average  of  parameters  on  the  basis  of  the  mod¬ 
els  with  support,  along  with  the  associated  unconditional 
standard  error  (SE)  (Burnham  and  Anderson,  2002),  as 
follows: 


0:  =  Y "  w,  x  0  and 

1  i  1 

varfe^  +  fe.-e)2 

where  SE(Q)  =  the  standard  error  of  the  mean 
0  =  the  parameter  to  be  averaged; 


SE(d)  =  x 


X 


0; 


(6) 

(7) 
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Figure  1 

Frequency  distribution  of  (A)  sizes  (disc  width)  and  (B)  ages  (number  of  band  pairs)  for  female  and  male 
Panamic  stingrays  ( Urotrygon  aspidura )  collected  in  the  central  zone  of  the  Pacific  coast  of  Colombia  in 
2006-2009  and  2015  by  small-scale,  shallow-water  shrimp  fishing  operations. 


i  =  the  model; 

wi  =  the  Akaike  weight  of  model  i; 
var  (§i/;)  =  the  variance  of  the  estimated  parameter  for 
model  i;  and 

0  =  the  estimated  parameter  for  model  i. 

Finally,  differences  in  growth  curves  between  sexes  for  the 
selected  models  were  tested  by  using  a  likelihood  ratio  test 
(Kimura,  1980;  Haddon,  2001). 

Results 

A  total  of  309  specimens  of  the  Panamic  stingray 
(184  males  and  125  females)  were  analyzed,  and  only 
5  specimens  were  discarded  for  poor  definition  of  band 
pairs  and  problems  with  reaching  a  consensus  in  read¬ 
ing.  Female  DW  ranged  from  7.1  to  26.5  cm,  and  male  DW 
ranged  from  7.0  to  18.5  cm,  with  most  males  measuring 
11-15  cm  DW  (Fig.  1A).  Females  were  significantly  larger 
(15.6  cm  DW  [standard  deviation  [SD]  5.5,  n=124)  than 
males  (12.6  cm  DW  [SD  2.6],  n=180,  Z=3.92,  PcO.OOOl). 

Readings  of  vertebral  sections  had  high  reproducibility, 
with  no  systematic  bias  between  readers  (P- 0.25;  Fig.  2), 
high  percentage  of  agreement  between  readers  (87.4% 
with  no  differences  in  readings  and  99.0%  with  differences 
of  only  1  band  pair),  and  relatively  low  error  (APE=4.06%, 
CV=6.25%,  n=309).  Females  had  a  maximum  of  8  band 
pairs,  but  most  of  them  (56.5%)  had  between  0  and  2  band 
pairs.  Males  had  a  maximum  of  6  band  pairs,  and  91.7% 
of  them  had  between  0  and  3  band  pairs  (Fig.  IB).  From 
seasonally  adjusted  data,  the  maximum  ages  were  7.5  and 
5.5  years  for  females  and  males,  respectively. 

The  analysis  of  edge  type  did  not  show  a  completely 
clear  pattern  with  respect  to  the  monthly  deposition  of 
band  pairs.  This  result  could  have  been  influenced  by  the 
low  number  of  specimens  collected  during  the  first  quar¬ 
ter  of  the  year  (Suppl.  Table  2)  (online  only).  However,  it 
was  possible  to  observe  a  trend  that  indicates  annual 


accumulation,  with  the  opaque  band  forming  from  the 
first  months  of  the  year  until  July  and  the  translucent 
band  forming  approximately  from  August  until  February 
(Fig.  3A). 

There  were  significant  differences  in  MI  among  months 
(Kruskal- Wallis  test:  H= 24.06,  P=0.008,  n=141).  Monthly 
variations  of  the  MI  indicate  that  band  pairs  start  to  form 
the  opaque  band  during  the  first  months  of  the  year,  with 
higher  mean  values  in  October  and  November  when  the 
translucent  band  is  formed  (Fig.  3B).  Despite  the  small 
sample  size  during  February-May,  these  results  indicate 
an  annual  periodicity  in  the  formation  of  band  pairs. 


Age  (mean  count  of  Reader  1 ) 


Figure  2 

Age-bias  plot  of  band-pair  counts  for  Panamic  stingrays 
( Urotrygon  aspidura )  collected  in  the  central  zone  of  the 
Pacific  coast  of  Colombia  in  2006-2009  and  2015.  The 
black  dots  correspond  to  the  mean  counts  of  Reader  2  rel¬ 
ative  to  those  of  Reader  1,  and  the  bars  indicate  standard 
errors  of  the  mean.  The  diagonal  line  indicates  a  one-to- 
one  relationship. 
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Figure  3 

Monthly  variation  in  the  formation  of  vertebral  band  pairs  of  Pana- 
mic  stingrays  ( Urotrygon  aspidura)  collected  in  the  central  zone  of 
the  Pacific  coast  of  Colombia  in  2006-2009  and  2015.  (A)  Percent¬ 
age  ofPanamic  stingrays  (sample  size  [n]=237)  that  had  1  of  4  edge 
types:  opaque  band  growing  or  ending  and  translucent  band  grow¬ 
ing  or  ending.  Numerals  inside  column  sections  indicate  the  num¬ 
ber  of  vertebrae  with  that  edge  type.  (B)  Marginal  increment  index 
(n=141),  with  black  dots  corresponding  to  the  median  and  the  error 
bars  indicating  the  25th  and  75th  percentiles.  Numerals  above  the 
top  error  bars  indicate  the  sample  size  for  each  month. 


Growth  estimation  analyses  were  more  conclusive  when 
seasonally  adjusted  age  data  were  used,  with  both  the  4- 
and  5-parameter  models  (TPGM-4  and  TPGM-5)  for  both 
sexes  having  the  higher  Akaike  weight  values  (Tables  1 
and  2).  Parameters  estimated  from  multi-model  inference 
based  on  those  TPGMs  for  both  sexes  are  provided  at  the 
end  of  Tables  1  and  2. 

The  TPGM-5  was  chosen  for  both  sexes  on  the  basis  of 
statistical  (AIC;)  and  biological  (known  maximum  DW,  DW 
at  birth,  and  DW  at  maturity)  fit  (Tables  1  and  2,  Fig.  4). 
The  growth  curves  from  the  TPGM-5  were  significantly 
different  between  sexes  (likelihood  ratio  test:  x2=115.6, 
df=5,  jP<0.0GQ1),  although  the  inflection  point  was  similar 


between  sexes  (likelihood  ratio  test:  %2=1.024, 
df=l,  P=0.312;  Tables  1  and  2;  Fig.  4).  Female 
Panamic  stingrays  had  a  larger  asymptotic  DW 
(likelihood  ratio  test:  %2=748.1,  df=l,  PcO.OOOl) 
and  a  lower  growth  coefficient  (likelihood  ratio 
test:  %2=65.2,  df=l,  P<0.0001)  than  male  Panamic 
stingrays. 

Discussion 

Despite  the  significant  increase  in  the  number 
of  age  and  growth  studies  in  batoids,  only  3  of 
the  16  American  round  ray  species  of  the  Uro- 
trygonidae  have  been  aged  (Mejia-Falla  et  al., 
2014;  Guzman-Castellanos,  2015;  Santander- 
Neto,  2015).  Our  results  agree  with  those  of  pre¬ 
vious  studies  and  demonstrate  that  the  Panamic 
stingray  is  a  fast-growing  and  short-lived  species. 
This  finding  has  considerable  implications  for 
the  population  assessment  and  management  of 
this  species. 

The  results  from  our  study  indicate  that  the 
vertebrae  of  Panamic  stingrays,  despite  their 
small  size,  were  adequate  structures  for  evaluation 
and  estimation  of  age  for  this  species,  with  lower 
APE  and  CV  values  for  readings  than  the  averages 
of  the  age  studies  reported  by  Campana  (2001) 
(APE<5.5%  and  CV<7.6%)  and  those  observed  in 
readings  for  species  of  the  Urotrygonidae  (average 
APE=4.24%;  Mejia-Falla  et  al.,  2014;  Guzman- 
Castellanos,  2015;  Santander-Neto,  2015). 

The  region  of  the  vertebral  column  chosen 
for  extraction  of  the  centra  sample  and  the  cen¬ 
tra  size  have  effects  on  the  counting  of  shark 
growth  band  pairs,  with  the  largest  ones  show¬ 
ing  more  pairs  of  bands  (Natanson  et  al.,  2018). 
In  this  study,  we  used  the  largest  centra  of  each 
specimen  from  the  abdominal  region,  to  main¬ 
tain  homogeneity  in  samples  and  reduce  those 
effects.  This  issue  can  be  addressed  by  alter¬ 
native  techniques,  such  as  bomb  radiocarbon 
dating  or  chemical  fluorochrome  marking,  but 
these  techniques  are  costly  and  are  not  easily 
accessible. 

Despite  the  limited  sample  size  in  the  first 
months  of  the  year,  the  results  of  MI  analysis  indicate 
that  band-pair  formation  tends  to  be  annual  in  Panamic 
stingrays,  with  constant  MI  growth  from  the  beginning  of 
the  year  until  October  and  November.  Although  MI  anal¬ 
ysis  has  been  considered  a  validation  method  (Campana, 
2001),  in  this  study,  we  used  it  as  a  method  for  verifica¬ 
tion  of  the  periodicity  in  band  deposition  (Cailliet  and 
Goldman,  2004).  This  annual  band-pair  deposition  based 
on  MI  has  been  described  for  numerous  species  from 
the  Urolophidae  and  Urotrygonidae  (White  et  al.,  2001; 
White  et  al.,  2002;  White  and  Potter,  2005;  Mejia-Falla 
et  al.,  2014;  Guzman-Castellanos,  2015;  Santander-Neto, 
2015).  Yearly  periodicity  of  band-pair  formation  has  been 
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Table  1 

Parameters  and  statistical  criteria  for  the  von  Bertalanffy  growth  model  (VBGM),  two-phase  growth  model  (TPGM), 
Gompertz  growth  model  (GGM),  and  logistic  growth  model  (LGM)  used  to  describe  the  growth  of  female  Panamic  sting¬ 
rays  ( Urotrygon  aspidura)  (sample  size  [n]=124)  collected  in  the  central  zone  of  the  Pacific  coast  of  Colombia  in  2006-2009 
and  2015.  Two  data  sets  are  presented;  the  adjusted  data  set  considers  the  months  with  peaks  of  reproduction  and  the 
unadjusted  data  set  does  not  consider  them.  The  parameters  and  criteria  are  asymptotic  disc  width  (DW„,  in  centimeters), 
birth  size  ( DW0 ,  fixed  to  7.5  cm  for  models  with  2  and  4  parameters),  annual  growth  rate  (k),  theoretical  age  at  zero  (£0),  age 
at  transition  between  2  phases  or  inflection  point  (fh),  maximum  difference  in  DW  at  age  between  the  VBGM  and  TPGM 
at  the  th  (h),  Akaike  information  criterion  (AIC;),  difference  in  AIC;  between  models  (Aj),  and  Akaike  weight  (w^).  Weighted 
averages  from  the  TPGM  are  given  with  standard  errors  of  the  mean  (SEs).  Numerals  after  the  model  abbreviation  indi¬ 
cate  the  number  of  parameters  used  in  that  model.  Dashes  indicate  that  data  were  not  available  because  variables  were 
not  included  in  a  model. 


Model 

DW„ 

k 

^0 

h 

DW0 

AIC; 

A; 

Wi 

Unadjusted  data 
VBGM-3 

29.32 

0.24 

-1.80 

10.28 

556.61 

1.65 

0.17 

VBGM-2 

25.46 

0.42 

- 

- 

- 

7.50 

615.64 

60.68 

0.00 

GGM-3 

26.82 

0.40 

-0.12 

- 

- 

10.33 

556.02 

1.06 

0.22 

GGM-2 

23.91 

0.69 

- 

- 

- 

7.50 

618.25 

63.29 

0.00 

LGM-3 

25.60 

0.57 

0.67 

- 

- 

10.38 

555.95 

0.99 

0.23 

LGM-2 

20.40 

0.79 

- 

- 

- 

12.50 

628.75 

73.79 

0.00 

TPGM-5 

24.93 

0.47 

-1.21 

1.93 

0.31 

10.31 

554.96 

0.00 

0.38 

TPGM-4 

24.03 

0.68 

- 

2.14 

0.46 

7.50 

614.67 

59.71 

0.00 

Adjusted  data 

VBGM-3 

29.60 

0.22 

-1.53 

- 

- 

8.63 

536.69 

6.84 

0.02 

VBGM-2 

26.64 

0.31 

- 

- 

- 

7.50 

542.49 

12.65 

0.00 

GGM-3 

26.89 

0.38 

0.26 

- 

- 

8.91 

537.30 

7.45 

0.01 

GGM-2 

24.51 

0.54 

- 

- 

- 

7.50 

549.79 

19.94 

0.00 

LGM-3 

25.62 

0.55 

1.08 

- 

- 

9.13 

538.23 

8.38 

0.01 

LGM-2 

20.07 

0.60 

- 

- 

- 

12.34 

652.41 

122.56 

0.00 

TPGM-5 

24.71 

0.47 

-0.91 

2.32 

0.36 

8.18 

530.01 

0.16 

0.46 

TPGM-4 

24.02 

0.57 

- 

2.24 

0.53 

7.50 

529.85 

0.00 

0.50 

Weighted 

average  from 

24.35 

0.52 

2.28 

0.45 

TPGM  (SE) 

(0.59) 

(0.09) 

(0.07) 

(0.15) 

validated  through  the  use  of  tetracycline  for  the  round 
stingray  ( Urobatis  halleri),  white-blotched  river  stingray 
(Potamotrygon  leopoldi),  and  little  skate  (Leucoraja  eri- 
nacea )  (Hale  and  Lowe,  2008;  Cicia  et  al.,  2009;  Charvet 
et  al.,  2018).  This  validation  does  not  imply  a  general¬ 
ized  pattern  for  batoids,  but  it  does  allow  inference  that 
yearly  periodicity  occurs  regularly  in  this  group,  regard¬ 
less  of  the  taxonomic  classification,  habitats,  or  latitudi¬ 
nal  distributions  of  the  species. 

Although  band  pairs  may  begin  to  form  during  the 
first  trimester  of  the  year,  starting  with  the  opaque 
band,  the  reduced  sample  size  during  those  months 
limited  our  capacity  to  determine  with  precision  in 
which  month  this  process  starts.  Several  studies  have 
also  reported  on  the  difficulty  in  validating  band  for¬ 
mation  in  sharks  and  rays  (O’Shea  et  ah,  2013;  Cailliet, 
2015);  therefore,  it  has  been  assumed  that  1  pair  is 
formed  each  year.  Carlson  et  al.  (1999)  and  Lessa  et  al. 
(2006)  attribute  this  difficulty  to  a  bias  of  MI  val¬ 
ues  and  inconclusive  analyses  due  to  long  sampling 


periods  (several  years)  during  which  births  occur  over 
a  long  time  span  and  organisms  from  the  same  cohort 
are  born  at  different  times  of  the  year.  Such  multiple 
births  could  be  the  case  for  the  Panamic  stingray,  as 
the  reproductive  information  available  for  this  species 
( P.  Mejfa-Falla  et  al . ,  unpubl.  data)  and  for  a  sympatric  spe¬ 
cies,  the  thorny  stingray  {Urotrygon  rogersi)  (Mejfa-Falla 
et  al.,  2014),  indicates  that  there  is  continuous  reproduc¬ 
tion  throughout  the  year  with  2-3  reproductive  events 
per  year. 

In  female  and  male  Panamic  stingrays,  differences  in 
age  and  growth  parameters  were  observed.  The  maximum 
estimated  female  age  was  7.5  years,  whereas  the  maxi¬ 
mum  estimated  male  age  was  5.5  years.  Similar  values 
have  also  been  recorded  for  other  species  of  this  family, 
such  as  the  smalleyed  round  stingray  (U  microphthal- 
mum )  with  8.5  years  for  females  of  and  5.5  years  for  males 
(Santander-Neto,  2015)  and  the  thorny  stingray  with 
8  years  for  females  and  6  years  for  males  (Mejfa-Falla  et  al., 
2014).  In  contrast,  the  blotched  stingray  (U  chilensis)  has 
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Table  2 

Parameters  and  statistical  criteria  for  the  von  Bertalanffy  growth  model  (VBGM),  two-phase  growth  model  (TPGM), 
Gompertz  growth  model  (GGM),  and  logistic  growth  model  (LGM)  used  to  describe  the  growth  of  male  Panamic  stingrays 
( Urotrygon  aspidura)  (sample  size  [n]=180)  collected  in  the  central  zone  of  the  Pacific  coast  of  Colombia  in  2006-2009  and 
2015.  Two  data  sets  are  presented;  the  adjusted  data  set  considers  the  months  with  peaks  of  reproduction.  The  parameters 
and  criteria  are  the  asymptotic  disc  width  (DW„,  in  centimeters),  birth  size  (DW0,  fixed  to  7.5  cm  for  models  with  2  and 
4  parameters),  annual  growth  rate  ( k ),  age  at  transition  between  2  phases  or  inflection  point  «h),  maximum  difference  in 
DW  at  age  between  the  VBGM  and  TPGM  at  the  th  (h),  Akaike  information  criterion  ( AIC,).  difference  in  AIC;  between 
models  (Aj),  and  Akaike  weight  (»;).  Weighted  averages  from  the  TPGM  are  given  with  standard  errors  of  the  mean  (SEs). 
Numerals  after  the  model  abbreviation  indicate  the  number  of  parameters  used  in  that  model.  Dashes  indicate  that  data 
were  not  available  because  variables  were  not  included  in  a  model. 


Model  DW„  k  t0  th  h  DW0  AIC;  A;  iC; 


Unadjusted  data 


VBGM-3 

15.99 

0.79 

-1.47 

- 

- 

10.97 

736.08 

0.00 

0.27 

VBGM -2 

15.31 

1.65 

- 

- 

- 

7.50 

924.74 

188.65 

0.00 

GGM-3 

15.84 

0.93 

-1.08 

- 

- 

10.97 

736.42 

0.34 

0.22 

GGM-2 

15.22 

2.00 

- 

- 

- 

7.50 

924.88 

188.79 

0.00 

LGM-3 

15.72 

1.08 

-0.77 

- 

- 

10.97 

736.75 

0.67 

0.19 

LGM-2 

17.05 

0.72 

_ 

- 

- 

10.93 

737.38 

1.30 

0.14 

TPGM-5 

17.11 

0.81 

-1.33 

2.60 

0.40 

10.95 

736.83 

0.75 

0.18 

TPGM-4 

16.81 

1.45 

- 

2.56 

0.68 

7.50 

927.01 

190.92 

0.00 

Adjusted  data 

VBGM-3 

15.08 

1.34 

-0.63 

- 

- 

8.59 

640.61 

4.10 

0.08 

VBGM-2 

14.85 

1.76 

- 

- 

- 

7.50 

646.70 

10.19 

0.00 

GGM-3 

14.82 

1.90 

-0.28 

- 

- 

8.20 

644.78 

8.27 

0.01 

GGM-2 

14.71 

2.26 

- 

- 

- 

7.50 

647.85 

11.35 

0.00 

LGM-3 

14.70 

2.38 

-0.10 

- 

- 

8.17 

646.05 

9.55 

0.01 

LGM-2 

14.65 

1.52 

- 

- 

- 

9.84 

674.94 

38.43 

0.00 

TPGM-5 

15.96 

1.63 

-0.48 

2.22 

0.54 

8.07 

636.51 

0.00 

0.64 

TPGM-4 

Weighted 

15.94 

1.81 

2.16 

0.67 

7.50 

638.30 

1.80 

0.26 

average  from 
TPGM  (SE) 

15.95 

(0.01) 

1.68 

(0.15) 

- 

2.20 

(0.05) 

0.58 

(0.11) 

- 

- 

- 

- 

older  ages  of  14  years  for  females  and  12  years  for  males 
(Guzman-Castellanos,  2015).  The  Panamic  stingray  can  be 
considered  a  short-lived  species  (<8  years),  similar  to  other 
species  belonging  to  Urotrygonidae  (Hale  and  Lowe,  2008; 
Mejia-Falla  et  al.,  2014;  Santander-Neto,  2015),  whereas 
in  other  ray  families,  such  as  Dasyatidae  and  Rajidae, 
maximum  ages  can  exceed  17  years  (Francis  et  al,  2001; 
Licandeo  et  al.,  2006;  Smith  et  al.,  2007;  Aversa  et  al.,  2011; 
Ba§usta  and  Sulikowski,  2012;  O’Shea  et  al.,  2013). 

Traditionally,  the  most  used  model  to  describe  elasmo- 
branch  growth  (Cailliet  et  al.,  2006)  has  been  the  VBGM; 
however,  numerous  studies  indicate  that  other  models 
can  be  better  adjusted  (Araya  and  Cubillos,  2006;  Smart 
et  al.,  2016).  The  Gompertz  growth  model  has  been  used 
with  batoid  species  (Neer  and  Cailliet,  2001;  Neer  and 
Thompson,  2005;  Matta  and  Gunderson,  2007;  Ainsley 
et  al.,  2011),  and  the  TPGM,  which  incorporates  changes 
in  growth  rates  during  the  lives  of  organisms,  usually 
has  been  related  with  changes  in  energy  investment  in 


reproductive  processes  (Araya  and  Cubillos,  2006;  Aversa 
et  al.,  2011). 

Differences  in  the  age  parameters  obtained  between  the 
adjusted  and  the  unadjusted  age  data,  the  former  being 
more  similar  to  the  biological  data,  demonstrate  the  impor¬ 
tance  of  considering  the  reproductive  and  size  character¬ 
istics  of  each  species,  as  well  as  the  multi-model  approach, 
to  obtain  more  reliable  growth  parameters  (Harry  et  al., 
2010;  Mejia-Falla  et  al.,  2014).  However,  most  age  studies 
do  not  include  adjustment  based  on  the  reproductive  cycle, 
ignoring  the  potential  effects  that  lack  of  adjustment  could 
have  on  the  demographic  analyses  and,  therefore,  on  the 
fishery  management  of  these  cartilaginous  fish  species 
(Cailliet,  2015). 

It  has  been  suggested  that  the  use  of  different  mod¬ 
els  (or  a  multi-model  approach)  in  growth  studies  allows 
researchers  to  select  the  model  that  is  best  adjusted  to  the 
data  (Katsanevakis,  2006;  Smart  et  al.,  2016).  For  demo¬ 
graphic  modeling  purposes,  of  the  8  models  applied  to 
describe  the  DW-age  relationship  in  the  Panamic  stingray, 
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Figure  4 

Two-phase  growth  model  with  5  parameters  that  describes 
the  growth  of  female  (black  diamonds,  dotted  line)  and 
male  (gray  dots,  solid  line)  Panamic  stingrays  (Urotrygon 
aspidura )  collected  in  the  central  zone  of  the  Pacific  coast 
of  Colombia  in  2006-2009  and  2015.  Adjusted  data  for  age 
and  disc  width  were  used,  meaning  that  data  take  into 
account  the  months  with  peaks  of  reproduction. 


the  growth  parameters  obtained  from  the  TPGM-5  were 
considered  best  for  describing  the  growth  of  this  species. 
Similarly,  TPGM  was  the  best  fitted  to  data  for  female 
blotched  stingrays  (Guzman-Castellanos,  2015)  and  to 
data  for  female  thorny  stingrays  (Mejia-Falla  et  al.,  2014), 
making  it  the  most  appropriate  model  in  the  3  age  studies 
carried  out  to  date  for  the  genus  Urotrygon. 

The  TPGM  divides  growth  in  2  phases  that  could  be 
related  to  changes  in  habitat,  feeding  habits,  or  the  ener¬ 
getic  investment  of  species  (Aversa  et  al.,  2011).  The  inflec¬ 
tion  point  of  females  in  this  model  occurred  at  2.3  years 
and  coincided  with  the  size  at  first  maturity  estimated 
for  the  Panamic  stingray.  This  size  at  maturity  occurred 
at  25  cm  TL  and  corresponds  to  a  DW  between  13.8  and 
15.0  cm  in  our  study  (P.  Mejia-Falla,  unpubl.  data).  This 
change  in  growth  rates  (and  their  relationship  with  size  at 
first  maturity)  has  been  associated  with  a  higher  energy 
investment  in  the  development  of  reproductive  organs, 
coinciding  in  some  species  with  the  change  from  juvenile 
to  adult  (Carlson  and  Baremore,  2005;  Braccini  et  al., 
2007;  Aversa  et  al.,  2011).  As  a  consequence,  the  trajectory 
in  the  growth  rate  allows  us  to  distinguish  between  before 
and  after  maturity  (Araya  and  Cubillos,  2006),  with  mat¬ 
uration  starting  before  reproduction  (Aversa  et  al.,  2011) 
and  possibly  reflected  in  a  lower  investment  of  energy  in 
growth  (Mejia-Falla  et  al.,  2014). 

Missing  the  smallest  and  largest  individuals  in  a  sam¬ 
ple  can  affect  growth  models  and  produce  biased  growth 
parameters  (Haddon,  2001;  Pilling  et  al.,  2002;  Smart 
et  al.,  2015;  D’Alberto  et  al.,  2017).  The  variables  were  sen¬ 
sitive  to  the  low  number  of  older  age  classes  for  both  sexes 
and,  for  males,  to  the  influence  that  the  predominance  of 


DW  of  12-15  cm  can  have  on  data.  This  data  sensitivity 
ensured  that  growth  curves  did  not  reach  an  asymptote 
resulting  in  underestimation  of  DWX  (Fisher  et  al.,  2013) 
and  led  to  DWrx  estimates  of  24.71  cm  for  females  and 
15.96  cm  for  males.  The  wide  range  in  DW0  could  have 
been  affected  by  a  prolonged  birthing  period  (Lessa  et  al., 
2006)  in  the  TPGMs  for  both  sexes.  Additionally,  the  low 
number  of  samples  for  certain  size  and  age  classes  in  our 
study  may  have  contributed  to  the  variability  in  k. 

Among  elasmobranchs,  females  reach  greater  asymp¬ 
totic  sizes  and  have  lower  growth  rates  than  males  (e.g., 
Ismen,  2003;  Skomal  and  Natanson,  2003;  Ba§usta  et  al., 
2008;  Kume  et  al.,  2008).  These  differences  in  growth 
between  sexes  was  observed  for  the  Panamic  stingray,  with 
females  reaching  a  of  24.71  cm  and  a  k  of  0.47  cm/ 
year  and  males  reaching  a  DWm  of  15.96  cm  and  a  k  of 
1.63  cm/year.  Such  differences  between  sexes  have  usually 
been  attributed  to  males  reaching  maturity  earlier  than 
females.  Females  would  have  the  evolutionary  advantage 
of  increasing  their  size  to  increase  fecundity  or  to  have  the 
capacity  of  sheltering  more  embryos  and  reaching  maxi¬ 
mum  capacity  (Aversa  et  al.,  2011;  Klimley,  2013). 

Differences  in  growth  between  sexes  have  been  found 
in  other  species  of  the  Urotrygonidae  and  Urolophidae, 
such  as  the  thorny  stingray,  smalleyed  round  stingray, 
round  stingray,  lobed  stingaree  (Urolophus  lobatus), 
sparsely-spotted  stingaree  (U.  paucimaculatus),  masked 
stingaree  ( Trygonoptera  personata),  and  western  shovel- 
nose  stingaree  (T.  mucosa )  (White  et  al.,  2001;  White  et  al., 
2002;  White  and  Potter,  2005;  Hale  and  Lowe,  2008;  Mejia- 
Falla  et  al.,  2014;  Guzman-Castellanos,  2015;  Santander- 
Neto  2015).  Compared  with  those  species,  the  Panamic 
stingray  has  a  higher  growth  rate,  the  highest  reported 
for  an  elasmobranch  so  far.  This  species  provides  more  evi¬ 
dence  for  the  fact  that  smaller  organisms  grow  faster  and 
have  a  shorter  lifespan  than  larger  organisms  (White  and 
Sommerville,  2010;  Aversa  et  al.,  2011). 

Although  traditionally  elasmobranchs  have  been 
described  as  K  strategists,  and  they  are  therefore  very  vul¬ 
nerable  to  fisheries,  the  results  of  recent  studies  give  evi¬ 
dence  that  this  pattern  is  not  a  general  one  in  this  group 
and  that  some  species  have  life  history  traits  that  make 
them  more  productive  and  resistant  to  fisheries  (Simpfen- 
dorfer,  1993;  Cailliet  et  al.,  2005;  Mejia-Falla  et  al.,  2014; 
White  et  al.,  2014).  This  pattern  was  found  for  the  Pana¬ 
mic  stingray,  a  small-sized  species  with  a  short  life  and 
fast  growth,  characteristics  that  are  similar  to  those  found 
in  its  sympatric  species,  the  thorny  stingray  (Mejia-Falla 
et  al.,  2014). 

These  life  history  characteristics  have  been  advanta¬ 
geous  for  these  species,  allowing  them  to  endure  years  of 
continuous  fishing  pressure  (Rueda  et  al.,  2006).  There¬ 
fore,  these  characteristics  make  them  2  of  the  most  abun¬ 
dant  elasmobranch  species  in  our  study  area,  unlike 
other  elasmobranchs,  such  as  the  Pacific  smalltail  shark 
( Carcharhinus  cerdale),  scalloped  hammerhead  ( Sphyrna 
lewini),  scoophead  (S.  media),  sicklefin  smoothhound 
(Mustelus  lunulatus),  and  longtail  stingray  ( Hypanus  Ion- 
gus),  among  others  (Navia  and  Mejia-Falla,  2016).  Despite 
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its  abundance,  analyses  of  the  reproductive  biology  and 
demography  of  the  Panamic  stingray  are  necessary  to 
define  its  real  vulnerability  to  fisheries  activities. 
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Abstract-— The  phenomenon  of  mul¬ 
tiple  brooding,  the  production  of  more 
than  one  brood  within  a  reproduc¬ 
tive  season,  is  a  poorly  understood 
process  in  rockfishes  ( Sebastes  spp.). 
Most  species  produce  a  single  brood, 
and  all  stock  assessment  models  for 
Sebastes  species  assume  the  repro¬ 
ductive  output  (fecundity)  of  a  single 
annual  brood.  We  evaluated  how  well 
this  life  history  trait  could  be  predicted 
by  both  oceanographic  (mean  latitude, 
ocean  temperature,  dissolved  oxygen 
levels,  and  depth)  and  demographic 
(maximum  length,  maximum  age,  and 
natural  mortality  rate)  factors  for  24 
species  of  rockfish  found  on  the  conti¬ 
nental  shelf  along  the  West  Coast  of  the 
United  States.  Our  results  indicate  that 
multiple-brooding  species  are  consider¬ 
ably  more  common  in  lower  latitudes 
(32-36°N)  or  in  warmer  waters  (>9°C 
at  depth)  and  that  the  other  environ¬ 
mental  and  demographic  factors  ana¬ 
lyzed  were  not  empirically  informative. 
This  work  provides  a  more  comprehen¬ 
sive  understanding  of  the  reproduc¬ 
tive  ecology  of  shelf  rockfishes,  could 
contribute  to  assessments  of  climate 
change  vulnerability,  and  should  even¬ 
tually  lead  to  improvements  in  stock 
assessment  models  for  economically 
and  ecologically  important  rockfishes. 


Manuscript  submitted  20  October  2018. 
Manuscript  accepted  19  July  2019. 

Fish.  Bull.  117:180-188  (2019). 

Online  publication  date:  31  July  2019. 
doi:  10.7755/FB.  117.3.5 

The  views  and  opinions  expressed  or 
implied  in  this  article  are  those  of  the 
author  (or  authors)  and  do  not  necessarily 
reflect  the  position  of  the  National 
Marine  Fisheries  Service,  NOAA. 


Fishery  Bulletin 

rtr  established  in  1881  *<?. 


Spencer  F.  Baird 
First  U  S.  Commissioner 
of  Fisheries  and  founder 
of  Fishery  Bulletin 


An  exploration  of  factors  that  relate  to  the 
occurrence  of  multiple  brooding  in  rockfishes 
(Sebastes  spp.) 

Anna  M.  Holder  (contact  author)1 
John  C.  Field2 

Email  address  for  contact  author:  aholder@csumb.edu 

1  California  State  University,  Monterey  Bay 
100  Campus  Center 

Seaside,  California  93955 

2  Fisheries  Ecology  Division 
Southwest  Fisheries  Science  Center 
National  Marine  Fisheries  Service,  NOAA 
1 1 0  Shaffer  Road 

Santa  Cruz,  California  95060 


Population  dynamics  models  that 
inform  management  decisions  require 
an  understanding  of  the  reproductive 
biology  of  the  fish  species  that  are  being 
managed.  Rockfishes  ( Sebastes  spp.) 
of  the  northeast  Pacific  Ocean  tend  to 
be  long-lived  species  (maximum  ages 
of  some  species  are  between  50  and 
150  years)  that  can  reach  marketable 
size  before  maturity  (Love  et  al.,  1990). 
In  addition  to  being  long  lived,  slow 
growing,  and  late  to  mature,  they  have 
internal  fertilization,  are  live-bearing, 
and  usually  develop  a  single  brood 
annually  (Love  et  al.,  2002).  Given 
these  traits,  which  tend  to  be  associ¬ 
ated  with  high  standing  stock  biomass 
and  low  productivity,  rockfishes  tend 
to  be  among  the  stocks  that  are  more 
vulnerable  to  fishing  pressure  and 
presumably  to  future  climate  change 
(Parker  et  al.,  2000;  Berkeley  et  al., 
2004;  Cope  et  al.,  2011). 

Despite  the  report  of  multiple  brood¬ 
ing,  the  production  of  more  than  one 
brood  within  a  reproductive  season, 
in  some  rockfishes  over  50  years  ago 
(Moser,  1966),  multiple  brooding  con¬ 
tinues  to  be  poorly  understood.  Multi¬ 
ple  brooding  can  be  identified  through 


macroscopic  or  histological  examina¬ 
tion  of  the  ovaries.  In  macroscopically 
examined  ovaries,  multiple  broods  can 
be  identified  when  ovaries  contain 
residual  larvae  or  fertilized  eggs  (pri¬ 
mary  brood)  and  developing  oocytes 
(upcoming  secondary  brood)  (Beyer 
et  al.,  2015;  Lefebvre  et  al.,  2018).  Lefe- 
bvre  et  al.  (2018)  identified  multiple 
brooding  through  histological  exam¬ 
ination  when  ovaries  contained  post¬ 
ovulatory  follicle  complexes,  residual 
larvae  or  eyed  larvae  (primary  brood) 
and  late-stage  developing  vitellogenic 
oocytes  (upcoming  secondary  brood). 
Although  many  rockfish  species  have 
been  identified  as  having  the  capac¬ 
ity  to  produce  multiple  broods  (Moser, 
1967;  Love  et  al.,  1990;  Beyer  et  al., 
2015;  Lefebvre  et  al.,  2018),  the  poten¬ 
tial  for  multiple  brooding  is  unknown 
for  a  great  many  remaining  species  for 
which  little  data  on  their  reproductive 
ecology  exists. 

Traditional  stock  assessment  met¬ 
rics,  such  as  estimates  of  spawning 
stock  biomass,  depend  on  the  repro¬ 
ductive  strategies  and  annual  fecun¬ 
dity  of  species.  When  data  are  not 
available,  assumptions  are  made  that 
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can  result  in  bias  and  misspecification  of  stock  status  and 
associated  parameters.  For  example,  if  size-dependent 
fecundity  cannot  be  quantified  in  an  assessment  but 
such  a  relationship  exists  in  a  real  population,  assess¬ 
ment  models  will  be  biased  toward  estimating  a  stock 
status  that  is  more  optimistic  than  actually  exists  (He 
et  aL,  2015a;  Barneche  et  aL,  2018).  There  has  been  a 
growing  awareness  in  recent  years  that  the  biological 
processes  that  determine  a  population’s  productivity  are 
much  more  complicated  than  previously  understood.  For 
example,  some  Sebastes  species  exhibit  skipped  spawn¬ 
ing  (Rideout  et  aL,  2005;  Conrath,  2017),  prolonged 
adolescent  periods  (Thompson  and  Hannah,  2010),  and 
multiple  brooding  (Moser,  1967;  Love  et  aL,  1990;  Beyer 
et  aL,  2015;  Lefebvre  et  aL,  2018).  Accounting  for  all  of 
these  factors  is  critical  in  the  understanding  of  a  species’ 
life  Mstory  and  in  specifying  life  history  characteristics 
in  stock  assessment  models,  climate  vulnerability  assess¬ 
ments,  and  other  evaluations. 

Previous  studies  indicate  that  multiple  brooding  more 
commonly  occurs  in  southerly  distributed  rockfish  spe¬ 
cies  (32~36°N),  as  well  as  in  individuals  residing  in 
the  southern  extent  of  the  range  of  their  species  (Love 
et  aL,  1990;  Beyer  et  a!.,  2015).  For  example,  bocaccio 
(S.  paucispinis )  range  from  the  Southern  California 
Bight  to  British  Columbia,  Canada;  individuals  in  the 
Southern  California  Bight  frequently  exhibit  multiple 
brooding  and  those  in  Central  California  occasionally 
exhibit  multiple  brooding,  but  the  phenomenon  has  never 
been  reported  in  individuals  north  of  Cape  Mendocino 
(He  et  aL,  2015b).  Multiple  brooding  has  not  been 
reported  in  northern  stocks  (Love  et  aL,  2002;  Conrath, 
2017),  nor  in  species  typically  found  in  deeper  water  (on 
the  continental  slope  at  depths  >400  m),  other  than  the 
bank  rockfish  (<S.  rufus )  in  Southern  California.  However, 
beyond  these  general  observations,  the  phenomenon  of 
multiple  brooding  has  never  been  empirically  evaluated 
in  relation  to  environmental  or  life  history  factors,  and 
we  have  yet  to  determine  if  multiple  brooding  can  be 
robustly  predicted  on  a  species  level  to  allow  estimation 
of  the  implications  to  stock  assessments  and  climate  vul¬ 
nerability  assessments. 

We  sought  to  quantitatively  document  the  relationship 
between  the  phenomenon  of  multiple  brooding  in  West 
Coast  roekfishes  with  latitude  or  other  demographic 
(maximum  length,  maximum  age,  and  natural  mortal¬ 
ity  rate)  and  environmental  (temperature  and  dissolved 
oxygen  [DO]  at  depth,  and  average  depth)  factors  and  to 
determine  which  of  these  factors  would  be  the  best  pre¬ 
dictors  of  multiple  brooding.  Specifically,  we  hypothesized 
that  rockfish  species  of  the  continental  shelf  of  the  West 
Coast  of  the  United  States  that  are  able  to  produce  mul¬ 
tiple  broods  would  be  statistically  more  likely  to  inhabit 
lower  latitudes  (32-3S°N)  or  warmer  v/aters  (>9°C 
at  depth).  The  results  of  this  research  are  intended 
to  provide  a  more  comprehensive  understanding  of 
the  reproductive  biology  of  rockfish  species  and  to 
improve  the  information  available  for  their  sustainable 
management. 


Materials  and  methods 

Study  area  and  data  collection 

Researchers  at  the  Fisheries  Ecology  Division  of  the  NOAA 
Southwest  Fisheries  Science  Center  have  been  collecting 
fecundity  samples  of  a  range  of  roekfishes  to  improve 
our  understanding  of  size-dependent  fecundity  and  care¬ 
fully  noting  the  presence  or  absence  of  multiple  broods 
(Beyer  et  aL,  2015;  Lefebvre  et  aL,  2018).  On  the  basis 
of  these  efforts  and  previous  reports  (Moser,  1966,  1967; 
MacGregor,  1970;  Wyllie  Echeverria,  1987;  Love  et  aL, 
1990;  Ralston  and  MacFarlane,  2010),  we  classified 
13  rockfish  species  found  on  the  continental  shelf  of  the 
West  Coast  as  being  multiple  brooders  and  11  shelf  rock¬ 
fish  species  as  single  brooders  (n-24;  Table  1). 

The  NOAA  Northwest  Fisheries  Science  Center  has 
conducted  a  fishery-independent  groundfish  bottom- 
trawl  survey  along  the  U.S.  West  Coast  annually  since 
2003,  in  an  area  extending  from  the  U.S.-Mexico  bor¬ 
der  (latitude  32°30/N)  to  the  U.S.-Canada  border 
(latitude  48°10'N)  and  including  depths  from.  55  m  to 
1280  m  (Keller  et  aL,  2012).  We  downloaded  physical 
(trawl  location,  temperature,  DO  concentration  at  depth, 
and  trawl  depth)  and  biological  (species  and  sex)  data 
for  shelf  roekfishes  (as  defined  in  PFMC,  2016)  for  trawl 
tows  conducted  from  2004  through  2015  (FRAM  Data 
Warehouse,  Northwest  Fisheries  Science  Center,  avail¬ 
able  from  website).  It  is  important  to  note  that  the  DO 
concentration  at  depth  was  not  collected  until  2007  and 
was  not  collected  consistently  until  2010.  We  downloaded 
commercial  landings  over  the  same  time  period  from  the 
Pacific  Fisheries  Information  Network  (PacFIN,  avail¬ 
able  from  website)  and  assigned  port  code  latitudes  based 
on  port  locations.  We  acquired  the  maximum  length  (i.e., 
asymptotic  average  fork  length  in  centimeters;  see  Fran¬ 
cis,  1988),  maximum  age  (in  years),  and  natural  mortal¬ 
ity  rate  of  the  species  of  interest  from  published  stock 
assessments  by  the  Pacific  Fishery  Management  Council 
(available  from  website),  Dick  and  MacCall  (2010),  and 
Love  et  al.  (2002)  (Table  1).  Estimates  of  the  natural  mor¬ 
tality  rate  for  shortbelly  rockfish  ( Sebastes  jordani )  were 
used  for  halfbanded  and  pygmy  roekfishes  (S',  semicinc- 
tus  and  S.  wilsoni ,  respectively)  because  natural  mortal¬ 
ity  had  not  been  estimated  for  those  2  species  and  all  3 
species  are  small,  rapidly  growing  dwarf  species.  Species 
were  excluded  from  our  analyses  if  fewer  than  20  individ¬ 
uals  were  collected  over  all  the  trawl  samples;  trawl  sam¬ 
ples  were  excluded  if  the  tow  of  the  trawl  was  conducted 
deeper  than  the  depth  range  of  continental  shelf  habitat 
(depths  >400  m). 

Data  analysis 

To  provide  some  context  to  our  analyses,  we  explored 
how  cumulative  survey  and  commercial  catch  (measured 
as  weight  in  kilograms)  varied  by  latitude  for  each  spe¬ 
cies  by  plotting  the  cumulative  distribution  of  the  sur¬ 
vey  and  commercial  catch  data,  and  the  arithmetic  mean 
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Table  1 

Multiple  brooder  classification  (MB;  Y=yes,  N=no),  mean  latitude  (in  decimal  degrees),  maximum  fork  length 
(L„,  cm),  observed  maximum  age  (A^^,  years),  and  natural  mortality  rate  (M)  for  each  species  of  rockfish 
( Sebastes  spp.)  collected  by  the  Pacific  Fishery  Management  Council  and  NOAA  Southwest  Fishery  Science 
Center  between  2004  and  2015  on  the  continental  shelf  along  the  West  Coast  of  the  United  States.  For  species 
for  which  parameters  varied  by  sex,  values  for  females  are  given. 


Common  name 

Scientific  name 

MB 

Mean  latitude 

Amax 

M 

Bocaccio 

Sebastes  paucispinis 

Y 

35.87 

75.90 

37 

0.15 

Canary 

Sebastes  pinniger 

N 

44.78 

62.00 

84 

0.05 

Chilipepper 

Sebastes  goodei 

Y 

37.82 

52.00 

35 

0.16 

Cowcod 

Sebastes  levis 

Y 

35.50 

87.00 

55 

0.06 

Flag 

Sebastes  rubrivinctus 

N 

34.24 

51.00 

38 

0.12 

Greenblotched 

Sebastes  rosenblatti 

Y 

34.06 

57.99 

50 

0.09 

Greenspotted 

Sebastes  chlorostictus 

Y 

36.53 

44.20 

51 

0.09 

Greenstriped 

Sebastes  elongatus 

Y 

42.86 

37.26 

54 

0.08 

Halfbanded 

Sebastes  semicinctus 

N 

34.57 

18.14 

15 

0.26 

Pink 

Sebastes  eos 

Y 

34.00 

56.00 

66 

0.07 

Pygmy 

Sebastes  wilsoni 

N 

42.67 

23.00 

26 

0.26 

Redstripe 

Sebastes  proriger 

N 

45.53 

61.00 

55 

0.08 

Rosethorn 

Sebastes  helvomaculatus 

N 

43.78 

28.66 

87 

0.05 

Rosy 

Sebastes  rosaceus 

Y 

33.87 

32.90 

18 

0.27 

Shortbelly 

Sebastes  jordani 

Y 

36.00 

28.50 

32 

0.26 

Silvergray 

Sebastes  brevispinis 

N 

45.78 

71.00 

82 

0.05 

Speckled 

Sebastes  avails 

Y 

33.67 

49.99 

37 

0.13 

Squarespot 

Sebastes  hopkinsi 

Y 

34.82 

25.25 

19 

0.26 

Starry 

Sebastes  constellatus 

Y 

35.64 

45.00 

32 

0.15 

Stripetail 

Sebastes  saxicola 

N 

38.30 

33.05 

38 

0.12 

Swordspine 

Sebastes  ensifer 

Y 

33.76 

17.60 

43 

0.11 

Vermilion 

Sebastes  miniatus 

N 

34.73 

62.40 

60 

0.07 

Widow 

Sebastes  entomelas 

N 

42.90 

50.34 

60 

0.08 

Yellowtail 

Sebastes  flavidus 

N 

46.37 

52.20 

64 

0.15 

of  both  data  sources,  for  each  species.  We  then  pooled 
data  from  the  respective  data  sets  over  the  study  period 
(2004-2015)  and  summarized  them  by  calculating  the 
arithmetic  mean  to  provide  estimates  of  mean  latitude 
(in  decimal  degrees),  mean  temperature  at  depth  (in 
degrees  Celsius),  mean  DO  concentration  at  depth  (in 
milliliters  per  liter),  mean  survey  depth  (in  meters)  for 
each  species  in  the  study  (n=l,  for  each  species).  We  fit 
binomial  generalized  linear  models  to  the  probability  of 
each  species  being  identified  as  a  multiple  brooder.  The 
capacity  to  produce  multiple  broods  was  the  response 
variable,  and  the  environmental  and  demographic  met¬ 
rics  were  predictor  variables. 

Because  temperature  and  latitude  were  likely  highly  cor¬ 
related,  we  analyzed  the  collinearity  between  all  explana¬ 
tory  variables  using  scatterplots  and  conducted  a  variance 
inflation  factor  (VIF)  analysis.  In  the  VIF  analysis,  we 
used  an  a  priori  cutoff  of  10  (Craney  and  Surles,  2002) 
to  assess  whether  collinearity  between  the  variables  was 
problematic.  If  variables  had  a  VIF  greater  than  10,  they 
were  not  used  in  the  same  model.  Using  the  results  of  the 
VIF  analysis,  we  created  23  candidate  models  that  repre¬ 
sented  hypothesized  potential  predictor-response  relation¬ 
ships.  We  compared  models  using  an  information-theoretic 
approach  using  Akaike  information  criterion  corrected  for 


small  sample  sizes  (AICc)  (Burnham  and  Anderson,  2002). 
Following  the  general  method  used  by  Kowalski  et  al. 
(2015),  we  computed  the  maximized  log-likelihood,  AIC 
and  AICc  scores,  AAICc  values  (difference  between  the  AIC,. 
of  model  i  and  the  smallest  AICc  among  the  considered 
models),  and  the  AIC  weight  (AICW)  for  each  model.  A  pri¬ 
ori,  we  decided  to  describe  the  level  of  empirical  support  for 
a  model  using  the  terms  substantial,  considerably  less,  and 
essentially  none  to  correspond  to  AAICc  values  less  than  2, 
between  4-7,  and  greater  than  10,  respectively  (as  advised 
by  Burnham  and  Anderson,  2002). 

We  evaluated  the  relative  importance  of  influence  of 
each  predictor  by  summing  the  product  of  AICW  and  fre¬ 
quency  of  occurrence  of  the  variable  for  all  models.  We 
computed  the  log  evidence  ratio  (LER)  in  support  for  each 
predictor  by  calculating  the  log10  of  its  evidence  ratio  (quo¬ 
tient  of  relative  importance  and  its  complement)  and  used 
LERs  as  the  basis  of  inference  for  predictor  comparisons. 
Following  Kass  and  Raftery  (1995),  a  priori,  we  decided 
to  use  the  terms  minimal,  substantial,  strong,  and  deci¬ 
sive  to  correspond  approximately  to  LERs  greater  than 
0,  0.5,  1,  and  2,  respectively.  All  analyses  were  executed 
by  using  R  statistical  software  (vers.  3.4.4;  R  Core  Team, 
2018),  including  the  glm,  AIC,  and  ggplot  functions  of  this 
software. 
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Figure  1 

Contextual  exploratory  analysis  of  the  cumulative  distributions  of  biomass  of  rockfishes  ( Sebastes  spp.)  of 
the  continental  shelf  in  commercial  landings  based  on  data  from  the  Pacific  Fisheries  Information  Network 
(PacFIN,  dotted  line)  and  in  a  fishery-independent  bottom-trawl  survey  (Survey,  dashed  line)  along  the 
West  Coast  of  the  United  States  in  2004-2015.  Each  graph  shows  the  mean  percentage  of  biomass  from  the 

2  data  sets  (solid  line)  by  latitude  (decimal  degrees).  Black  and  dark  gray  lines  indicate  that  the  species  was 
classified  as  a  multiple-brooding  or  single-brooding  species,  respectively. 

Results 

The  results  of  exploratory  analysis  of  the  cumulative  dis¬ 
tribution  of  all  rockfishes  of  the  continental  shelf  that  were 
present  in  the  trawl  survey’s  catch  data  reveal  distinct  dif¬ 
ferences  in  latitude  between  single-  and  multiple-brooding 
species  and  similar  trends  between  commercial  and  survey 
data  (Fig.  1).  There  appears  to  have  been  substantial  dif¬ 
ferences  in  both  latitude  and  temperature  between  single 
and  multiple-brooding  species  and  slight  differences  in 
DO,  depth,  and  all  demographic  variables  between  single- 
brooding  and  multiple-brooding  species  (Table  2). 

Unsurprisingly,  latitude  and  temperature  were  highly 
correlated  (VIFs:  71  and  67,  respectively).  To  address 
multicollinearity  issues,  latitude  and  temperature  were 
included  in  separate  models  before  retesting  all  VIF  scores, 
and  they  remained  separate  in  the  rest  of  the  models.  Of 
the  23  models  considered,  we  found  substantial  support 
for  those  models  that  included  latitude  and  found  con¬ 
siderably  less  support  for  models  that  included  tempera¬ 
ture:  (model  1  [Ml]:  AAICc=0.0;  model  2  [M2):  AAICc=0.7; 


and  model  4  [M4]:  AAICc=3.2;  Table  3).  There  was  mar¬ 
ginal  support  for  models  that  included  some  demographic 
variables  (model  3  [M3]:  AAICc=2.7;  Table  3).  The  poorest 
performing  models  had  essentially  no  support  and  were 
those  for  which  latitude  and  temperature  were  separate 
(as  required  by  the  VIF  results)  but  included  all  other 
variables  (model  containing  all  variables  except  tempera¬ 
ture:  AAICc=11.6;  model  containing  all  variables  except 
latitude:  AAICc=14.1;  not  shown). 

Latitude  and  temperature  were  the  strongest  predic¬ 
tors  of  whether  a  shelf  rockfish  species  could  be  a  multiple 
brooder.  There  was  substantial  support  for  Ml,  which  con¬ 
tained  latitude  and  DO,  and  for  M2,  which  contained  only 
latitude,  and  there  was  considerably  less  support  for  M4 
and  M5,  both  of  which  include  temperature  (Table  3).  When 
comparing  the  coefficients  of  Ml  and  M4,  which  contain  DO 
and  latitude  (Ml)  or  temperature  (M4),  the  estimate  for  the 
latitude  coefficient  indicates  that  when  DO  is  fixed  and  lat¬ 
itude  increases  by  1°,  the  odds  of  a  shelf  rockfish  species 
being  a  multiple  brooder  is  0.6  times  that  of  being  a  sin¬ 
gle  brooder  (for  coefficients,  see  Table  3).  Correspondingly, 
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Table  2 

Comparison  of  the  arithmetic  mean  and  standard  deviation  (SD)  of  environmental  and  demo¬ 
graphic  variables  between  single-  and  multiple-brooding  rockfish  species  ( Sebastes  spp.):  lati¬ 
tude  (decimal  degrees),  temperature  (°C),  dissolved  oxygen  (DO)  concentration  (mL/L),  depth 
(m),  maximum  fork  length  (L„,  cm),  observed  maximum  age  (Amax,  years),  and  natural  mor¬ 
tality  rate  (M).  Data  are  provided  for  fish  collected  along  the  West  Coast  of  the  United  States. 


Single  brooding  Multiple  brooding 


Variable 

Mean 

SD 

Mean 

SD 

Latitude 

41.24 

4.83 

35.72 

2.49 

Temperature 

8.11 

1.29 

9.09 

0.50 

DO 

1.94 

0.44 

1.91 

0.46 

Depth 

157.44 

28.18 

161.35 

34.33 

L 

46.62 

17.96 

46.89 

19.70 

^MAX 

55.36 

23.96 

40.69 

14.19 

M 

0.12 

0.08 

0.14 

0.08 

Table  3 

Top  5  generalized  linear  models  as  defined  by  the  Akaike  information  criterion  (AIC)  analysis.  Models  were  used 
to  evaluate  the  probability  of  each  rockfish  species  ( Sebastes  spp.)  being  a  multiple  brooder;  all  variables  were  con¬ 
tinuous.  The  number  of  parameters  in  the  model  (K),  maximum  log-likelihood  (LL),  AIC,  AIC  corrected  for  small 
sample  sizes  (AICc),  difference  between  the  AICc  of  model  i  and  the  smallest  AICc  among  the  considered  models 
(AAICc),  and  AIC  weights  (AICW)  are  provided  for  each  model  (models  1-5  [M1-M5]).  Variables  include  those  for 
latitude  (Lat),  dissolved  oxygen  (DO)  concentration,  maximum  fork  length  (L„,  cm),  and  temperature  (Temp). 


Model  name 

Model  (log(y)  =  ) 

K 

LL 

AIC 

AICc 

AAICc 

AICW 

Ml 

25.27  -  0.51XLat  -  2.78XDO 

3 

-9.95 

25.91 

27.11 

0.00 

0.39 

M2 

13.32  -  0.35XLat 

2 

-11.61 

27.22 

27.79 

0.68 

0.28 

M3 

25.14  -  0.52Xj,at  -  2.85Xnn  +  0.01X, 

4 

-9.87 

27.73 

29.84 

2.73 

0.10 

M4 

-10.55  +  1.98AXemp  -  3.25ZDO 

3 

-11.54 

29.07 

30.27 

3.16 

0.08 

M5 

-9.02  +  1.06ZXemp 

2 

-13.68 

31.36 

31.93 

4.82 

0.04 

the  estimate  for  the  temperature  coefficient  indicates  that 
when  DO  is  fixed  and  temperature  increases  by  1°C,  the 
odds  of  a  shelf  rockfish  species  being  a  multiple  brooder  is 
7.2  times  that  of  being  a  single  brooder.  Finally,  the  results 
of  evaluation  of  relative  importance  of  influence  of  each 
predictor  indicate  that  there  was  substantial  evidence  that 
species  in  lower  latitudes  had  a  higher  probability  of  being 
a  multiple  brooder  (LER  for  latitude=0.63;  Table  4).  There 
was  minimal  evidence  indicating  that  any  of  the  other  vari¬ 
ables  affected  the  probability  of  a  species  being  a  multiple 
brooder  (all  other  LERs  were  <0.5;  Table  4). 

Discussion 

Our  results  indicate  that  species  with  the  capacity  for 
multiple  brooding  were  more  likely  to  occur  in  lower  lat¬ 
itudes  (32-36°N)  or  in  warmer  waters  (>9°C  at  depth). 


This  finding  agrees  with  the  established  knowledge 
on  differing  distributions  and  community  assemblages 
of  rockfishes  regionally  (e.g.,  by  latitude)  (Love  et  al., 
2002;  Williams  and  Ralston,  2002;  Gunderson  and  Vet¬ 
ter,  2006).  Oceanographic  conditions  in  waters  of  South¬ 
ern  California  and  Central  California  are  characterized 
by  warmer  conditions  and  more  variable,  less  seasonal 
upwelling  patterns  relative  to  conditions  in  the  northern 
part  of  the  California  Current  (e.g.,  north  of  Cape  Men¬ 
docino),  where  ocean  temperatures  tend  to  be  cooler  and 
upwelling  is  both  stronger  and  more  strongly  seasonal, 
conditions  that  result  in  higher  primary  and  secondary 
productivity  (Parrish  et  al.,  1981;  Ware  and  Thomson, 
2005;  Checkley  and  Barth,  2009).  Consequently,  rock¬ 
fish  species  in  waters  of  Southern  California,  where 
primary  and  secondary  productivity  and  therefore  pre¬ 
sumably  forage  availability  are  both  lower  and  charac¬ 
terized  by  greater  interannual  variability,  may  have  an 
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Table  4 

Summary  of  predictor  variables  considered  in  generalized  linear  models  used  to  evaluate  the 
probability  of  a  rockfish  species  ( Sebastes  spp.)  being  a  multiple  brooder.  Predictor  variables 
include  latitude  (decimal  degrees),  temperature  (°C),  dissolved  oxygen  (DO)  concentration 
(mL/L),  depth  (m),  maximum  fork  length  (L„,  cm),  maximum  age  (Aj^^,  years),  and  natural 
mortality  rate  (M).  Relative  importance  (RI),  evidence  ratio  (ER),  log  evidence  ratio  (LER),  and 
direction  of  effect  (Direction)  on  the  probability  of  a  species  being  a  multiple  brooder  for  each 
predictor  are  shown. 


Predictor  variable 

RI 

ER 

LER 

Direction 

Latitude 

0.81 

4.27 

0.63 

_ 

DO 

0.64 

1.79 

0.25 

- 

L„ 

0.18 

0.21 

-0.67 

+ 

Temperature 

0.15 

0.17 

-0.76 

+ 

^MAX 

0.07 

0.08 

-1.10 

- 

M 

0.03 

0.03 

-1.58 

+ 

Depth 

0.01 

0.01 

-2.19 

+ 

evolutionary  advantage  in  producing  multiple  broods 
over  those  species  constrained  to  a  single  brood.  The 
presumed  mechanism  for  such  an  advantage  would  be 
to  increase  the  probability  of  post-parturition  larvae  to 
encounter  appropriate  foraging  conditions  in  this  more 
variable,  less  seasonal  region  of  the  California  Current. 
This  is  consistent  with  the  notion  of  Cushing’s  match- 
mismatch  hypothesis  in  which  the  effect  of  highly 
variable  prey  abundance  for  early  life  history  stages 
of  marine  fish  species  may  be  partially  mitigated  by 
spreading  spawning  effort  across  a  broader  time  period 
(Cushing,  1990). 

Temperature  affects  individuals  directly  by  influencing 
their  growth  and  metabolism  (Boehlert  and  Yoklavich, 
1983;  Boehlert  et  al.,  1991).  Temperature  also  influences 
egg  and  larval  development;  for  example,  recent  laboratory 
studies  have  shown  that  multiple-brooding  rosy  rockfish 
( S .  rosaceus)  produced  and  released  broods  more  quickly  in 
warm  water  (relative  to  cool  water)  treatments,  indicating 
faster  development  of  eggs  and  larvae  (Beyer1),  and  that 
faster  development  could  result  in  the  production  of  multi¬ 
ple  broods  during  potentially  narrow  environmental  win¬ 
dows  for  spawning.  Temperature  may  tend  to  covary  with 
other  oceanographic  variables  that  drive  ocean  produc¬ 
tivity  and  consequently  the  availability  of  food  resources, 
given  that  past  studies  have  shown  that  the  condition  and 
reproductive  output  of  some  rockfish  species  can  degrade 
during  the  warmer  ocean  conditions  associated  with 
El  Nino-Southern  Oscillation  events  (VenTresca  et  al., 
1995;  Harvey  et  al.,  2011). 

The  importance  of  depth  in  this  study  is  consistent  with 
other  studies  that  demonstrate  that  depth  is  a  key  driver  of 
benthic  community  structure  (Gunderson  and  Vetter,  2006; 
Tolimieri  and  Anderson,  2010).  We  did  not  include  rockfish 


1  Beyer,  S.  2018.  Unpubl.  data.  Dep.  Ecol.  Evol.  Biol.,  Univ.  Calif. 
Santa  Cruz.,  130  McAllister  Way,  Santa  Cruz,  CA  95060. 


species  of  the  continental  slope  in  this  analysis  because  of 
our  desire  to  focus  on  the  multiple-brooding  phenomenon, 
which  is  largely  limited  to  species  found  on  the  continental 
shelf  of  the  West  Coast.  However,  we  recognize  that  depth 
may  more  generally  drive  a  broader  range  of  reproductive 
strategies  for  rockfishes,  such  that  species  in  deeper  waters 
(>400  m)  may  respond  to  variable  conditions  by  abortive 
maturity,  skipped  spawning,  or  atresia  (Nichol  and  Pik- 
itch,  1994;  Lefebvre  and  Field,  2015;  Conrath,  2017),  rather 
than  the  production  (or  lack  thereof)  of  multiple  broods. 
Although  we  did  not  formally  evaluate  the  phylogeny  of 
rockfish  species  relative  to  the  capacity  to  produce  multiple 
broods,  it  would  appear  that  there  are  examples  of  both  sin¬ 
gle  and  multiple  brooders  across  the  phylogenetic  range  of 
the  genus  Sebastes  (Hyde  and  Vetter,  2007). 

The  similar  predictive  ability  of  temperature  and  lat¬ 
itude  reflects  the  prominence  of  the  influence  of  these 
variables  on  current  probability  of  shelf  rockfish  spe¬ 
cies  being  multiple  brooders.  However,  ocean  conditions 
are  changing.  As  the  effects  of  climate  change  become 
more  pronounced,  the  environmental  conditions  that 
are  associated  with  certain  regions  (i.e.,  latitudes)  will 
also  change.  Additionally,  we  did  not  find  any  evidence 
indicating  that  demographic  variables  are  substantially 
associated  with  the  phenomenon  of  multiple  brooding. 
Although  the  maximum  length  and  maximum  age  of 
species  did  not  serve  as  a  substantial  predictor  of  mul¬ 
tiple  brooding  among  species,  within  species  the  occur¬ 
rence  of  multiple  brooding  has  been  shown  to  increase 
with  both  size  and  age  (Beyer  et  al.,  2015;  Lefebvre 
et  al.,  2018).  Our  results  are  also  relevant  to  consider¬ 
ation  of  how  observations  of  multiple  brooding  within  a 
stock  or  species  may  vary  with  future  warming  or  with 
the  increasingly  variable  ocean  conditions  expected,  and 
potentially  already  being  observed,  as  a  result  of  climate 
change  (Rykaczewski  et  al.,  2015;  McCabe  et  al.,  2016). 
For  example,  Lefebvre  et  al.  (2018)  found  that  during 
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atypically  warm  years,  when  upwelling  and  forage  condi¬ 
tions  were  above  average,  the  frequency  of  occurrence  of 
multiple  brooding  in  chilipepper  (S.  goodei)  was  common 
and  nearly  equal  in  both  Southern  and  Central  Califor¬ 
nia,  whereas  previous  studies  had  not  detected  multiple 
broods  in  chilipepper  of  Central  California  (Wyllie  Eeh- 
everria,  1987;  Stafford  et  al.,  2014).  This  finding  might 
indicate  that  species  capable  of  producing  multiple 
broods  do  so  more  frequently  under  warmer  ocean  con¬ 
ditions  when  food  resources  are  sufficient,  potentially 
providing  some  advantage  over  single-brooding  species 
in  the  face  of  warming  trends. 

Fisheries  managers  are  beginning  to  prepare  for  the 
effects  of  climate  change  on  fisheries  by  incorporating 
climate  variables  (such  as  ocean  temperature  trends) 
into  harvest  policies  (Hill  et  ah,  2017)  and  by  conducting 
climate  vulnerability  assessments  (Morrison  et  ah,  2015; 
Hare  et  ah,  2016).  Climate  vulnerability  assessments 
evaluate  which  species  will  be  at  the  greatest  risk  (or 
most  vulnerable)  to  the  effects  of  climate  change,  and 
these  assessments  consequently  are  intended  to  inform 
and  prioritize  research  and  management  actions.  Spawn¬ 
ing  frequency  is  1  of  12  biological  attributes  used  in  the 
current  criteria  for  evaluating  vulnerability  to  climate 
change,  with  species  that  spawn  in  one  single  event  per 
year  considered  to  be  more  vulnerable  than  those  that 
spawn  several  times  per  year  (Hare  et  al.,  2016).  There¬ 
fore,  multiple-brooding  species  may  have  an  evolution¬ 
ary  advantage  relative  to  single-brooding  species  in  the 
face  of  either  warming  or  more  variable  ocean  conditions, 
necessitating  an  accurate  assessment  of  the  reproductive 
ecology  of  all  Sebastes  species  in  evaluating  the  vulnera¬ 
bility  of  different  species  to  climate  change. 

Accounting  for  multiple  brooding  as  a  maternal  effect 
in  population  models  can  substantially  affect  stock 
assessments,  particularly  if  the  likelihood  of  producing 
multiple  broods  (increasing  overall  reproductive  output) 
is  size  dependent,  as  demonstrated  for  chilipepper  (Lefe- 
bvre  et  ah,  2018).  Currently,  stock  assessment  models  of 
multiple-brooding  species  do  not  account  for  such  fac¬ 
tors  in  estimating  reproductive  output  and  stock  status, 
potentially  biasing  assessment  results  if  the  effect  is  to 
nominally  increase  reproductive  output  of  larger,  older 
individuals.  Taking  multiple  brooding  into  account  in 
general,  as  well  as  in  the  context  of  climate  change,  will 
improve  stock  assessments  and  help  managers  develop 
appropriate  management  responses  to  climate  variabil¬ 
ity  and  change  now  and  into  the  future  (Barneche  et  ah, 
2018).  Our  results  provide  robust  predictions  of  this  like¬ 
lihood  and  provide  context  to  the  observed  distribution 
of  multiple-brooding  species  relative  to  single-brooding 
shelf  rockfish  species.  However,  our  insights  are  not 
strictly  mechanistic  and  are  only  the  first  step  toward 
understanding  the  mechanisms  and  evolution  of  multi¬ 
ple  brooding  in  rockfish  species  of  the  continental  shelf. 
Future  research  should  explicitly  explore  the  mecha¬ 
nisms  that  drive  multiple  versus  single  brooding  to  aid 
in  dosing  the  knowledge  gap  for  multiple-brooding  rock¬ 
fish  species. 
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Abstract-— A  recent  study  determined 
that  when  simultaneously  exposed  to 
2  different  commonly  used  baits,  certain 
shark  species  demonstrate  preferences 
for  a  specific  bait  on  bottom  longlines. 
To  further  investigate  the  value  of  bait 
type  to  reduce  shark  bycatch,  we  con¬ 
ducted  single-bait-type  bottom  longline 
sets  with  standardized  gear  baited 
with  either  mackerel  or  squid.  For  4  of 
the  5  shark  species  captured,  there  was 
no  significant  difference  in  catch  rates 
with  bait  type.  However,  catch  rates  of 
Atlantic  sharpnose  sharks  ( Rhizopri - 
onodon  terraenovae)  were  significantly 
higher  on  mackerel-baited  hooks.  Our 
results  indicate  that  the  use  of  squid 
as  bait  can  reduce  the  catch  of  at  least 
one  shark  species  in  the  northern  Gulf 
of  Mexico  while  not  reducing  the  catch 
of  a  targeted  species,  in  this  case,  the 
red  snapper  ( Lutjanus  campechanus). 
However,  because  some  protected  spe¬ 
cies,  most  notably  sea  turtles,  have 
been  shown  to  have  higher  catch  rates 
on  squid-baited  hooks,  it  is  necessary  to 
assess  the  effect  of  a  specific  bait  across 
all  taxa  directly  or  indirectly  affected 
by  a  particular  gear  type  before  adopt¬ 
ing  any  bycatch  reduction  measure. 
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Globally,  shark  populations  are  widely 
reported  to  be  in  decline  (for  a  recent 
review,  see  Dulvy  et  al.,  2014).  Although 
a  number  of  factors  contribute  to  this 
trend,  bycatch  of  sharks  is  a  primary 
factor  (Oliver  et  al.,  2015).  A  number 
of  potential  shark  bycatch  mitigation 
measures  have  been  considered,  includ¬ 
ing  time  or  area  closures,  gear  modifi¬ 
cations,  adaptive  fishing  practices,  and 
use  of  repellents  (Molina  and  Cooke, 
2012).  Several  studies  have  investigated 
the  efficacy  of  bait  type  in  reducing 
shark  bycatch  rates  (e.g.,  Broadhurst 
and  Hazin,  2001;  Watson  et  al.,  2005; 
Yokota  et  al.,  2009);  however,  results 
of  studies  examining  the  relationship 
between  catch  rates  and  bait  type  on 
longline  gear  are  often  conflicting.  For 
example,  in  studies  with  comparable 
gear  comparing  squid  and  mackerel 
baits,  Watson  et  al.  (2005)  and  Foster 
et  al.  (2012)  found  that  catch  of  blue 
sharks  ( Prionace  glauca)  was  highest 
on  pelagic  longlines  when  squid  (Illex 
spp.)  was  used  compared  with  when 
bait  of  Atlantic  mackerel  ( Scomber 
scombrus )  was  used,  whereas  Coelho 


et  al.  (2012)  reported  a  higher  catch  of 
blue  sharks  on  mackerel  (Scomber  spp.) 
bait  than  on  squid  bait.  All  3  studies 
used  a  single  bait  type  on  each  longline 
set.  However,  none  addressed  potential 
biasing  factors  of  this  experimental 
design  in  assessing  bait  preference  of 
blue  sharks,  most  notably  the  propen¬ 
sity  for  this  shark  species  to  form  large 
aggregations  in  discrete  locations  (e.g., 
Kenney  et  al.,  1985;  Litvinov,  2006) 
where  only  a  single  bait  type  would 
have  been  used. 

Driggers  et  al.  (2017)  examined  catch 
rates  and  bait  preferences  of  fish  spe¬ 
cies  captured  on  bottom  longline  gear 
in  the  northern  Gulf  of  Mexico  using  an 
experimental  design  alternating  2  bait 
types  on  individual  bottom  longline  sets. 
The  results  of  this  study  indicate  that 
several  shark  species,  including  the  lit¬ 
tle  gulper  shark  ( Centrophorus  uyato ), 
smooth  dogfish  ( Mustelus  canis),  blac- 
knose  shark  ( Carcharhinus  acronotus), 
sandbar  shark  (C.  plumbeus),  and  Atlan¬ 
tic  sharpnose  shark  (Rhizoprionodon 
terraenovae ),  showed  a  preference  for 
Atlantic  mackerel  over  northern  shortfin 
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Figure  1 

Map  of  sampling  locations  where  bottom  longline  gear  was  set  in  the  northern 
Gulf  of  Mexico  during  March-April  2017.  Crosses  indicate  longline  sets  baited 
with  northern  shortfin  squid  (Ilex  illecebrosus),  and  circles  represent  long- 
line  sets  baited  with  Atlantic  mackerel  ( Scomber  scombrus ).  Gear  was  set  in 
waters  off  Louisiana  (LA),  Mississippi  (MS),  Alabama  (AL),  and  Florida  (FL). 
Gray  lines  indicate  the  10-,  20-,  30-,  40-,  50-,  and  100-m  isobaths. 


squid  ( Illex  illecebrosus ).  Conversely,  tele- 
osts  commonly  targeted  with  bottom  long- 
line  gear  in  the  northern  Gulf  of  Mexico, 
such  as  red  snapper  ( Lutjanus  campecha- 
nus),  yellowedge  grouper  ( Hyporthodus 
flauolimbatus),  and  tilefish  ( Lopholatilus 
chamaeleonticeps),  showed  no  preference. 

The  authors  acknowledged  that  the  use  of 
alternating  bait  types  could  have  biased 
results  because  of  potential  interaction 
effects  of  baits,  a  possibility  suggested 
by  Watson  et  al.  (2005)  and  Foster  et  al. 

(2012).  To  address  this  issue  and  fur¬ 
ther  investigate  the  efficacy  of  bait  type 
in  reducing  shark  bycatch,  the  objective 
of  this  study  was  to  assess  if  the  prefer¬ 
ence  of  sharks  for  Atlantic  mackerel  over 
northern  shortfin  squid  baits  reported  by 
Driggers  et  al.  (2017)  would  be  evident  in 
a  single-bait  experimental  design. 

Materials  and  methods 

Bottom  longline  gear  was  deployed  from  the  NOAA  Ship 
Oregon  II  in  the  northern  Gulf  of  Mexico  from  26  March 
through  19  April  2017.  All  sets  were  made  within  an 
area  bounded  by  87.50°W  to  93.00°W  longitude  at  depths 
between  15  and  85  m  (Fig.  1).  Stations  were  preselected 
on  the  basis  of  a  random  starting  point  and  subsequent 
stations  being  spaced  18.5  km  apart  in  a  grid  to  maxi¬ 
mize  sampling  effort  and  minimize  effects  of  sampling 
sites  being  in  close  proximity  to  one  another.  On  several 
occasions,  preselected  stations  were  moved  to  avoid  haz¬ 
ards  to  navigation  (e.g.,  vessels,  petroleum  platforms, 
and  shipping  lanes)  or  excessively  fast  currents  (>1  m/s). 
Sampling  gear  consisted  of  1.8  km  of  4-mm  diameter 
monofilament  mainline  and  100  gangions.  Each  gangion 
was  constructed  of  a  size  148-8/0  snap,  3.2  m  of  3-mm 
diameter  monofilament,  0.5  m  of  2. 4-mm  diameter  fish¬ 
ing  wire,  and  a  hook  (#15/0  non-offset,  circle,  Mustad 
#399600*,  O.  Mustad  &  Sqn  A.S.,  Gjpvik,  Norway)  and 
was  identical  to  that  used  in  Driggers  et  al.  (2017).  Each 
hook  was  baited  with  Atlantic  mackerel  or  northern 
shortfin  squid  cut  to  fit  the  circle  hooks.  Bait  consisted 
either  entirely  of  Atlantic  mackerel  or  northern  shortfin 
squid  for  each  longline  set  with  bait  randomly  assigned 
at  the  beginning  of  each  set. 

Bottom  temperature  (in  degrees  Celsius)  and  salinity 
were  measured  at  each  sampling  location,  while  the  long- 
line  gear  was  in  the  water,  by  using  an  SBE  911plus  CTD 
water  profiler  (Sea-Bird  Scientific,  Bellevue,  WA).  Soak 
time,  defined  as  the  time  elapsed  from  completing  deploy¬ 
ment  of  the  gear  to  beginning  retrieval  of  the  gear,  was 
limited  to  1  h  in  an  effort  to  minimize  mortality  rates  of 


1  Mention  of  trade  names  or  commercial  companies  is  for  identi¬ 
fication  purposes  only  and  does  not  imply  endorsement  by  the 
National  Marine  Fisheries  Service,  NOAA. 


captured  organisms  and  to  maximize  the  number  of  long- 
line  sets  conducted  during  the  allotted  sampling  period. 
Further,  the  relatively  short  soak  time  reduced  data  loss 
associated  with  shark  depredation  and  potential  bias  asso¬ 
ciated  with  capturing  large  sharks  feeding  upon  smaller 
captured  fish,  a  behavior  that  would  not  reflect  prefer¬ 
ence  for  Atlantic  mackerel  or  northern  shortfin  squid. 
Upon  capture,  each  fish  was  identified  to  species  and  its 
fork  length  was  measured  to  the  nearest  millimeter  on  a 
straight  line  along  the  axis  of  the  body  from  the  tip  of  the 
rostrum  to  the  caudal  notch. 

Depth,  temperature,  salinity,  soak-time,  and  fish-length 
data  associated  with  sampling  locations  where  each  bait 
was  used  were  assessed  for  normality  and  homoscedas- 
ticity  by  calculating  kurtosis,  skewness,  and  E-ratio.  Data 
were  considered  normally  distributed  when  kurtosis  and 
skewness  were  between  -2  and  2.  For  data  that  adhered 
to  the  assumptions  of  parametric  statistics,  /-tests  were 
used  to  compare  mean  values;  for  data  that  did  not  meet 
assumptions,  median  values  were  compared  by  using  a 
Mann- Whitney  W  test.  To  determine  if  the  number  of  indi¬ 
viduals  captured  on  each  bait  was  significantly  different 
from  1:1,  a  chi-square  test  with  Yates  correction  for  con¬ 
tinuity  was  used  on  a  species-specific  basis.  Sharks  that 
were  captured  on  hooks  occupied  by  a  smaller  captured 
fish  were  removed  from  all  analyses  (2  blacktip  sharks, 
Carcharhinus  limbatus),  and  fish  not  measured  because  of 
shark-inflicted  damage  were  excluded  from  comparisons 
of  body  length. 

To  account  for  the  possibility  that  catch  data  were 
biased  because  of  schooling  behavior  or  areas  of  high 
abundance  (i.e. ,  high  catch  in  limited  cases  because  of 
habitat  specificity  or  aggregations),  catch  data  for  each 
species  were  examined  to  determine  if  an  unusually  high 
number  of  individuals  were  caught  on  any  specific  set. 
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The  mean  number  of  a  given  species  captured  on  all  sets, 
regardless  of  bait,  was  calculated.  All  sets  where  the 
total  number  of  individuals  captured  was  greater  than 
3  standard  deviations  from  the  mean,  were  considered 
outliers  and  removed  from  analyses.  For  those  species 
for  which  outliers  were  identified,  chi-square  tests  based 
on  revised  expected  values  were  conducted.  Revised 
expected  values  were  calculated  by  subtracting  sets 
with  identified  outliers  from  the  total  number  of  sets 
conducted  with  the  corresponding  bait  and  then  divid¬ 
ing  the  remaining  number  of  sets  with  Atlantic  mackerel 
bait  by  the  number  of  sets  with  northern  shortfin  squid 
bait.  All  statistical  tests  were  considered  significant  at 
an  a  level  of  0.05. 

Results 

Of  the  104  longline  sets  conducted  for  this  study,  52  sets 
used  northern  shortfin  squid  as  bait  and  52  sets  used 
Atlantic  mackerel  as  bait  (Fig.  1).  There  was  no  signifi¬ 
cant  difference  in  the  mean  depth  (£=-0.58,  P=0„56)  or 
temperature  (£=-0.30,  P- 0.77)  between  sets  that  used  the 
2  types  of  bait  (Table  1).  Similarly,  there  was  no  signifi¬ 
cant  difference  in  the  median  bottom  salinity  (W= 1426.0, 
P=0.4G)  among  sampling  locations  where  the  2  baits  were 
used  (Table  1).  Soak  times  ranged  from  57  to  65  min,  and 
there  was  no  significant  difference  between  soak  times  on 
sets  that  used  mackerel  or  squid  for  bait  (£=0.28,  P- 0.78) 
(Table  1).  Among  all  sets,  regardless  of  bait,  1572  fish  from 
25  species  were  captured;  however,  6  of  these  species  made 
up  91.3%  of  the  total  catch.  Those  species  were  the  Gulf 
smoothhound  ( Mustelus  sinusmexicanus ),  Atlantic  sharp- 
nose  shark,  blacknose  shark,  biacktip  shark,  scalloped 
hammerhead  ( Sphyrna  lewini),  and  red  snapper  (Table  2). 
Species  that  constituted  less  than  1%  of  the  total  catch  or 
were  caught  on  fewer  than  10  sets  were  not  considered  in 
subsequent  analyses. 


All  captured  fish  had  corresponding  body  length  mea¬ 
surements  with  the  exception  of  23  specimens  damaged 
by  sharks  (14  red  snapper  and  9  Atlantic  sharpnose 
sharks).  The  mean  or  median  fork  length  (FL)  of  all  spe¬ 
cies  examined  did  not  differ  by  bait,  with  the  exception 
of  those  for  the  Atlantic  sharpnose  shark,  specimens  of 
which  were  larger  on  sets  with  bait  of  Atlantic  mackerel 
(median:  806  mm  FL)  than  on  sets  with  bait  of  north¬ 
ern  shortfin  squid  (median:  781  mm  FL)  (W=49994.4, 
PcO.Ol)  (Fig.  2,  Table  2).  However,  there  was  a  greater 
size  range  (323-970  mm  FL)  of  Atlantic  sharpnose 
sharks  captured  on  sets  baited  with  Atlantic  mackerel 
compared  with  the  size  range  on  sets  baited  with  north¬ 
ern  shortfin  squid  (487-961  mm  FL). 

The  total  catch  of  all  species  on  each  bait  was  not  dif¬ 
ferent  from  the  expected  ratio  of  1:1,  with  the  exception 
of  the  catch  of  Atlantic  sharpnose  sharks,  which  were 
more  frequently  captured  on  sets  baited  with  Atlantic 
mackerel  (rc=488)  than  on  northern  shortfin  squid-baited 
sets  ( tz=302)  (x2=43.32,  PcO.Ol)  (Table  2).  Outliers  indi¬ 
cating  unusually  large  catches  were  detected  for  Atlan¬ 
tic  sharpnose  sharks,  blacknose  sharks,  biacktip  sharks, 
and  scalloped  hammerheads  (Table  3).  After  removing 
outliers,  Atlantic  sharpnose  sharks  (x2=12.14,  PcO.Ol) 
and  blacknose  sharks  (%2=4.92,  P=G,03)  were  caught 
more  frequently  on  sets  baited  with  Atlantic  mackerel. 
However,  there  remained  no  significant  relationship 
between  bait  type  and  catch  rates  of  biacktip  sharks 
(%2=0.02,  P= 0.87)  or  scalloped  hammerheads  (x2=0.01, 
P= 0.92). 

Discussion 

Results  of  our  study  indicate  that  for  Gulf  smoothhounds, 
biacktip  sharks,  scalloped  hammerheads,  and  red  snap¬ 
per,  there  was  no  difference  in  capture  rates  related  to 
bait.  However,  preference  for  Atlantic  mackerel  bait  over 


Table  1 

Comparison  of  abiotic  variables  and  soak  times  associated  with  bottom  longline  sets  conducted  with  baits  of  Atlantic  mackerel 
{Scomber  scombrus)  or  northern  shortfin  squid  ( Ilex  illecebrosus)  in  the  northern  Gulf  of  Mexico  during  March-April  2017.  Means 
are  given  with  standard  errors  of  the  mean  (SEs).  Results  from  f -tests  and  Mann- Whitney  (M-W)  W  tests  are  provided  with  their 
associated  P-values  in  parentheses. 


Variable 

Bait  type 

Range 

Mean  (SE) 

Median 

£ -value  (P) 

M-W  test  (P) 

Depth  (m) 

Mackerel 

15.3-83.1 

40.51  (2.22) 

39.0 

-0.58  (0.56) 

1425.5  (0.64) 

Squid 

15.9-77.3 

42.41  (2.34) 

37.3 

Temperature  (°C) 

Mackerel 

19.8-23.0 

21.48  (0.13) 

21.4 

-0.30  (0.77) 

1369.5  (0.64) 

Squid 

19.5-23.1 

21.53  (0.13) 

21.5 

Salinity 

Mackerel 

31.3-36.4 

35.74  (0.14) 

36.2 

1426.0  (0.40) 

Squid 

32.5-36.5 

35.90  (0.10) 

36.2 

Soak  time  (min) 

Mackerel 

57.0-65.0 

60.61  (0.25) 

60.5 

0.28  (0.78) 

1308.0  (0.77) 

Squid 

57.0-65.0 

60.52  (0.24) 

61.0 
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Table  2 

Number  of  individuals  (n),  size  range  (millimeters  fork  length  [FL] ),  mean  size  (mm  FL),  median  size  (mm  FL),  and  test  statistics 
for  species  caught  on  longline  sets  baited  with  Atlantic  mackerel  ( Scomber  scombrus)  or  northern  shortfin  squid  (Ilex  illecebrosus ) 
in  the  northern  Gulf  of  Mexico  during  March-April  2017.  Statistics  from  t-tests,  Mann- Whitney  W  tests,  and  chi-square  tests  are 
presented  with  associated  P-values  in  parentheses.  An  asterisk  (*)  indicates  data  that  did  not  meet  the  assumptions  of  normality 
or  homoscedasticity. 


Species 

Bait  type 

n 

Size  range 

Mean  (SE) 

Median 

t -value  ( P ) 

W  test  (P) 

Chi-square  test  ( P ) 

Gulf  smoothhound 

Mackerel 

Squid 

51 

39 

573-1207 

402-1143 

902.4  (19.8) 
867.7  (21.3) 

900.0 

819.0 

1.70  (0.08) 

769.0  (0.07) 

1.34  (0.25) 

Atlantic  sharpnose 
shark 

Mackerel 

Squid 

488 

302 

323-970 

487-961 

793.8  (3.1) 
759.5  (5.0) 

806.0 

781.0 

6.22  (<0.Q1)* 

49,994.4  (<0.01) 

43.32  (<0.01) 

Blacknose  shark 

Mackerel 

Squid 

33 

21 

584-1057 

589-1015 

861.1  (21.8) 
855.6  (33.8) 

884.0 

922.0 

0.14(0.89) 

363.0  (0.78) 

2.24  (0.13) 

Blacktip  shark 

Mackerel 

Squid 

18 

13 

990-1214 

1015-1250 

1100.3(62.1) 

1125.9(23.7) 

1115.0 

1096.0 

-0.98  (0.33) 

148.5  (0.58) 

0.52  (0.47) 

Scalloped 

hammerhead 

Mackerel 

Squid 

46 

53 

643-1880 

646-1820 

1254.5  (45.8) 

1243.5  (43.5) 

1237.0 

1210.0 

0.17(0.86) 

1177.0(0.77) 

0.36  (0.55) 

Red  snapper 

Mackerel 

Squid 

198 

202 

530-880 

605-881 

708.1  (4.4) 
705.3  (3.4) 

706.0 

699.5 

0.49  (0.62)* 

17,554.0  (0.33) 

0.02  (0.88) 

northern  shortfin  squid  bait  was  evident  for  Atlantic 
sharpnose  sharks  both  when  not  accounting  for  and  when 
accounting  for  sets  with  unusually  high  catches.  This 
result,  in  agreement  with  the  findings  of  Driggers  et  al. 
(2017),  demonstrates  that  bait  type  is  a  viable  option  for 
shark  bycatch  reduction  albeit  on  a  species-specific  basis. 
Further,  the  catch  of  red  snapper  was  not  affected  by  bait 
type  in  this  study  or  in  Driggers  et  al.  (2017),  indicating 
that  shark  catch  can  be  reduced  without  affecting  the 
catch  of  target  species  when  bait  type  is  used  as  a  bycatch 
mitigation  measure. 

For  blacknose  sharks,  there  was  no  difference  in  catch 
rates  between  bait  types  unless  unusually  high  catch  rates 
identified  as  outliers  were  removed  from  the  data  set. 
Driggers  et  al.  (2017)  reported  that,  when  both  baits  were 
alternated  on  a  single  set,  the  catch  of  blacknose  sharks 
was  over  5  times  greater  when  Atlantic  mackerel  was  used 
for  bait  compared  with  catch  when  northern  shortfin  squid 
was  used.  This  finding  is  consistent  with  past  reports  that 
the  diet  of  blacknose  sharks  is  primarily  piscivorous  (e.g., 
Castro,  2011).  For  example,  Dodrill  (1977)  reported  that 
stomach  contents  of  all  blacknose  sharks  he  examined 
contained  teleost  prey.  Similarly,  Cortes  (1999)  reported 
that  the  diet  of  blacknose  sharks  consisted  of  98.2%  tele- 
osts,  with  less  than  2%  consisting  of  crustaceans  and  non- 
cephalopod  mollusks.  Ford  (2012),  on  the  basis  of  a  sample 
size  larger  than  the  combined  sample  size  reported  in  the 
Dodrill  (1977)  and  Cortes  (1999)  studies,  found  that  fish 
compose  63.4%  of  the  diet  of  blacknose  sharks  off  the  East 
Coast  of  the  United  States,  with  the  remainder  composed 
of  invertebrates,  including  squid  and  octopods  (11.4%). 

Results  of  our  study  and  those  of  Ford  (2012)  indi¬ 
cate  that  blacknose  sharks  are  more  opportunistic  than 
previously  thought.  Additionally,  when  considered  in 


conjunction  with  the  findings  of  Driggers  et  al.  (2017), 
although  the  species  shows  a  clear  preference  for  tele- 
osts,  blacknose  sharks  will  opportunistically  prey  on 
other  organisms  when  their  preferred  prey  is  not  present. 
Although  there  were  fewer  blacknose  sharks  captured  on 
sets  baited  with  northern  shortfin  squid  during  our  study, 
the  difference  in  capture  rates  between  the  2  baits  was  not 
significantly  different.  Therefore,  on  the  basis  of  the  data 
from  our  study,  bait  choice  does  not  appear  to  be  an  effi¬ 
cient  bycatch  mitigation  measure  for  the  blacknose  shark. 
However,  it  is  important  to  note  that  only  54  blacknose 
sharks  were  captured  during  this  study,  and  if  a  real  effect 
was  present,  it  could  have  been  obfuscated  by  the  rela¬ 
tively  low  sample  size. 

Like  blacknose  sharks,  blacktip  sharks  are  reported  to 
feed  primarily  on  teleosts  (e.g.,  Castro,  1996;  Bethea 
et  al.,  2004;  Barry  et  al.,  2008).  For  example,  Hoffmayer 
and  Parsons  (2003)  examined  the  diet  of  blacktip  sharks 
in  the  Mississippi  Sound  and  determined  that  95%  of  the 
diet  of  this  species  was  composed  of  teleosts.  Results  of 
this  study  demonstrate  that  blacktip  sharks  are  oppor¬ 
tunistic  and,  although  they  specialize  in  feeding  on  tele¬ 
osts,  they  will  feed  on  both  squid  and  teleost  baits, 
negating  the  value  of  bait  type  as  a  bycatch  mitigation 
measure  for  this  species.  A  similar  conclusion  was 
reached  for  the  effect  of  bait  type  on  catch  rates  of  the 
Gulf  smoothhound,  scalloped  hammerhead,  and  red 
snapper.  This  result  was  not  unexpected  because  scal¬ 
loped  hammerheads  and  red  snapper  are  known  to  have 
relatively  wide  dietary  breadths,  including  teleosts  and 
cephalopods  (Stevens  and  Lyle,  1989;  Szedlmayer  and 
Lee,  2004;  Wells  et  al.,  2008;  Vaske  et  al.,  2009; 
Torres-Rojas  et  ah,  2010).  Further,  to  our  knowledge,  no 
species-specific  diet  studies  have  been  conducted  for  the 
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Figure  2 

Length-frequency  distributions  of  sharks  captured  on  longline  sets  baited  with  Atlantic  mackerel 
( Scomber  scombrus)  (gray  bars)  and  northern  shortfin  squid  ( Ilex  illecebrosus )  (white  bars)  in 
the  northern  Gulf  of  Mexico  during  Mareh-April  2017.  There  were  no  significant  species-specific 
differences  in  the  median  fork  length  (FL)  of  sharks  caught  on  the  2  bait  types,  with  the  exception 
of  Atlantic  sharpnose  sharks  ( Rhizoprionodon  terraenovae ),  which  had  a  larger  median  FL  on 
mackerel-baited  hooks.  Note  that  the  scales  of  x-  and  y-axes  differ  among  species. 


Gulf  smoothhound;  however,  Cortes  (1999)  summarized 
the  diet  of  13  species  within  the  morphologically  conser¬ 
vative  genus  Mustelus  and  demonstrated  that  these 
fishes  have  a  diverse  diet.  For  example,  dietary  studies 
of  the  smooth  dogfish,  which  is  sympatric  with  and  has 
the  same  dental  morphology  as  the  Gulf  smoothhound, 
indicate  that  its  diet  consists  of  decapod  crustaceans, 
teleosts,  and  non-decapod  invertebrates  in  decreasing 
order  (Cortes,  1999). 

Pitcher  et  al.  (1982)  empirically  tested  the  effect  of 
shoal  size  on  the  amount  of  time  it  took  goldfish  ( Caras - 
sius  auratus )  and  minnows  ( Phoxinus  phoxinus )  to  locate 
a  food  source,  and  they  found  that  foraging  efficiency 
increased  with  shoal  size  for  both  species.  Among  coastal 
shark  species  captured  during  3500  fishery-independent 
bottom  longline  sets  conducted  throughout  the  northern 
Gulf  of  Mexico  as  part  of  a  survey  by  the  National  Marine 
Fisheries  Service,  Southeast  Fisheries  Science  Center, 
Mississippi  Laboratories,  the  Atlantic  sharpnose  shark 
is  not  only  the  most  commonly  caught  species  (re=15,494 


individuals)  but  also  the  species  most  commonly  caught 
in  schools  of  10  individuals  or  larger  (number  of  sets=513, 
school  size  range  of  10-72  sharks).  If  there  is  a  link 
between  shoal  size  and  preferred  bait  detection  for  Atlan¬ 
tic  sharpnose  sharks,  as  our  results  indicate,  it  is  possi¬ 
ble  that  other  species  have  a  preference  for  a  specific  bait 
when  shoaling.  Because  individuals  of  some  shark  species, 
such  as  the  blacktip  shark,  spinner  shark  ( Carcharhinus 
brevipinna),  and  scalloped  hammerhead,  form  large  shoals 
within  the  Gulf  of  Mexico  during  certain  times  of  the  year 
(senior  author,  unpubl.  data),  it  is  possible  that  bait  prefer¬ 
ence  could  be  exhibited  during  those  periods  but  absent  at 
other  times  when  individuals  are  more  dispersed.  Future 
research  should  examine  this  hypothesis  and  test  how  the 
use  of  bait  type  as  a  bycatch  mitigation  measure  can  vary 
seasonally. 

The  combined  results  of  this  study  and  Driggers  et  al. 
(2017)  provide  the  first  comparison,  as  far  as  we  are  aware 
of,  between  the  effect  of  bait  type  on  catch  rates  of  sharks 
caught  on  standardized  longline  gear  with  single-bait-type 
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Table  3 

Range  of  number  of  individuals  caught  per  set,  mean  number  caught  per  set,  and  number  of  sets  identified  as  outliers  for  species 
caught  on  longline  sets  baited  with  Atlantic  mackerel  (Scomber  scombrus)  or  northern  shortfin  squid  ( Ilex  illecebrosus )  in  the 
northern  Gulf  of  Mexico  during  March-April  2017.  Values  provided  in  parentheses  represent  number  of  individuals  caught  in 
longline  sets  identified  as  outliers  or  P-values  associated  with  %2  values  from  chi-square  tests.  Note  that  no  catches  of  Gulf  smooth- 
hounds  ( Mustelus  sinusmexicanus)  or  red  snapper  ( Lutjanus  campechanus )  were  identified  as  outliers.  Therefore,  no  associated 
expected  ratios  or  %2  values  are  presented  for  either  species.  SD=standard  deviation. 


Species 

Bait  type 

No.  per  set 

Mean  +  3  SD 

No.  of  outliers 

Expected  ratio 

x2 

Gulf  smoothhound 

Mackerel 

1-8 

9.81 

0 

Squid 

1-7 

0 

Atlantic  sharpnose  shark 

Mackerel 

Squid 

1-50 

1-31 

42.22 

2  (43,  50) 

0 

0.96:1 

12.14  (<0.01) 

Blacknose  shark 

Mackerel 

Squid 

1-4 

1-5 

4.77 

0 

1(5) 

1.02:0 

4.92  (0.03) 

Blacktip  shark 

Mackerel 

Squid 

1-7 

1-3 

5.90 

1(7) 

0 

0.98:1 

0.02  (0.87) 

Scalloped  hammerhead 

Mackerel 

Squid 

1-5 

1-6 

5.15 

0 

1(6) 

1.02:0 

0.01  (0.92) 

Red  snapper 

Mackerel 

Squid 

1-15 

1-18 

22.50 

0 

0 

- 

- 

sets  and  alternating-bait-type  sets.  A  valid  criticism  of 
Driggers  et  al.  (2017)  is  related  to  possible  interaction 
effects  when  bait  type  is  alternated  on  a  single  set,  as 
suggested  by  Watson  et  al.  (2005)  and  Foster  et  al.  (2012). 
Although  this  concern  is  reasonable,  if  an  interaction 
effect  occurred,  a  statistically  equal  number  of  individu¬ 
als  of  a  given  species  would  be  expected  to  be  caught  on 
each  bait.  The  results  of  Driggers  et  al.  (2017)  indicate 
significant  bait  type  preference  for  5  shark  species  and  a 
clear  trend  for  3  other  species;  therefore,  we  believe  the 
concern  is  unwarranted.  However,  the  results  of  our  study, 
for  which  we  used  a  single-bait  approach,  indicate  that 
in  the  absence  of  choice,  most,  but  not  all,  species  that 
Driggers  et  al.  (2017)  found  demonstrated  a  bait  prefer¬ 
ence  will  ingest  whichever  bait  is  available.  Therefore,  we 
conclude  that  studies  examining  the  effect  of  bait  type  on 
catch  rates  with  longline  gear  should  use  both  single-bait 
and  alternating  bait  approaches  to  determine  the  degree 
of  bait  preference  and  if  a  specific  bait  affects  catch  rates 
in  such  a  way  that  would  warrant  management  measures. 
Further,  bait  comparison  studies  that  employ  a  single-bait 
approach  must  demonstrate  that  all  bait  types  were  fished 
in  comparable  abiotic  and  biotic  conditions. 

Results  of  our  study  indicate  that  it  is  important  that 
bait  type  be  accounted  for  when  analyzing  fishery- 
dependent  and  fishery-independent  catch  data  rather  than 
assuming  there  is  no  difference  in  catch  rates  among  dif¬ 
ferent  baits.  Although  this  assumption  would  have  little 
to  no  effect  when  examining  a  species  with  no  bait  prefer¬ 
ence,  in  certain  cases,  such  as  when  examining  trends  in 
abundance  of  Atlantic  sharpnose  sharks,  significant  bias 
would  be  introduced.  Additionally,  there  can  be  a  cascad¬ 
ing  effect  whereby  captured  fish  become  bait  themselves, 


therefore  introducing  unexpected  biases  for  other  species 
showing  preferences.  For  example,  during  the  Mississippi 
Laboratories  survey,  Atlantic  mackerel  has  been  the  sole 
bait  used  since  1995.  During  this  time,  26%  of  all  bull 
sharks  (C.  leucas )  have  been  caught  on  hooks  occupied  by 
captured  Atlantic  sharpnose  sharks  (senior  author,  unpubl. 
data).  If  a  change  were  made  from  Atlantic  mackerel  bait 
to  northern  shortfin  squid  bait,  on  the  basis  of  the  results 
of  this  study,  fewer  Atlantic  sharpnose  sharks  would  be 
expected  to  be  captured,  and  in  turn  fewer  bull  sharks,  a 
species  whose  diet  has  been  reported  to  consist  to  a  large 
extent  (35.4%)  of  smaller  sharks  (Cortes,  1999),  would  be 
captured. 

In  addition  to  indicating  the  importance  of  considering 
bait  type  in  analyses  of  catch  data,  the  results  of  this  study 
demonstrate  that  the  use  of  squid  as  bait  can  reduce  the 
catch  of  at  least  one  shark  species  in  the  northern  Gulf 
of  Mexico  and  could  be  employed  as  a  bycatch  reduction 
measure.  However,  some  protected  species,  such  as  the 
loggerhead  ( Caretta  caretta )  and  leatherback  ( Dermoche - 
lys  coriacea)  sea  turtles,  have  been  shown  to  have  higher 
bycatch  rates  on  squid-baited  hooks  (e.g.,  Watson  et  al., 
2005).  Therefore,  the  effect  of  a  specific  bait  across  all  taxa 
that  are  directly  or  indirectly  affected  by  a  particular  gear 
type  must  be  assessed  before  adopting  any  bycatch  reduc¬ 
tion  measure. 
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Abstract-— Migration  patterns  of  the 
northern  subpopulation  of  the  Pacific 
sardine  (Sardinops  sagax)  were  exam¬ 
ined  by  using  parasites  as  biological 
tags.  This  approach  has  been  employed 
on  marine  fish  species  worldwide,  but 
it  had  not  yet  been  used  to  investigate 
the  migratory  behavior  of  this  eco¬ 
logically  and  commercially  valuable 
species  in  the  California  Current.  In 
2005-2008,  14  taxa  of  parasites  were 
recovered  from  1388  Pacific  sardine 
collected  between  British  Columbia, 
Canada,  and  Southern  California.  The 
results  of  multivariate  analyses  indi¬ 
cate  significant  differences  in  parasite 
communities  among  all  size  classes  of 
Pacific  sardine  caught  off  Vancouver 
Island,  British  Columbia,  compared 
with  those  caught  off  Washington  and 
Oregon  and  regions  off  California.  Sig¬ 
nificant  differences  in  parasite  commu¬ 
nities  also  were  identified  between  size 
classes  of  Pacific  sardine:  <210,  210- 
219,  and  >220  mm  in  standard  length. 
Our  results  support  a  high  degree 
of  residency  in  all  size  categories  of 
Pacific  sardine  off  Vancouver  Island 
during  the  study  period,  and  they  indi¬ 
cate  that  individual  sardine  behavior 
is  not  limited  to  completing  an  annual 
migration  between  British  Columbia 
or  the  Pacific  Northwest  and  Southern 
California.  These  data  indicate  that 
using  parasites  as  biological  tags  could 
help  clarify  annual  migration  patterns 
of  individual  Pacific  sardine. 
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The  Pacific  sardine  ( Sardinops  sagax) 
is  an  ecologically  important  pelagic 
fish  in  upwelling  systems  that  trans¬ 
fers  energy  from  lower  trophic  levels 
(phytoplankton  and  zooplankton)  to 
upper  trophic  predators,  including  fish, 
marine  mammals,  and  birds  (Cury 
et  aL,  2000).  The  Pacific  sardine  fish¬ 
ery  is  also  economically  important, 
providing  for  bait,  aquaculture  feed, 
and  human  consumption  (Herrick 
et  aL,  2009).  In  the  1930s  and  1940s, 
the  Pacific  sardine  fishery  in  the  Cali¬ 
fornia  Current  was  the  largest  fishery 
in  the  Western  Hemisphere  (reviewed 
in  Wolf,  1992).  The  fishery  collapsed 
and  was  closed  off  the  Pacific  North¬ 
west  (PNW,  Oregon  and  Washington) 
in  1947  and  off  Central  California  in 
1967  (Radovich,  1981).  Heavily  influ¬ 
enced  by  ocean  conditions,  the  biomass 
of  the  Pacific  sardine  in  the  Califor¬ 
nia  Current  System  (CCS)  fluctuates 
widely.  After  a  substantial  biomass 
increase  in  the  late  1980s  and  1990s 
(Hargreaves  et  aL,  1994;  Emmett  et  aL, 
2005),  a  purse  seine  fishery  reopened  in 


California,  the  PNW,  and  off  Vancouver 
Island  in  British  Columbia,  Canada, 
followed  by  a  formal  closure  in  2015. 

Three  subpopulations  of  the  Pacific 
sardine  are  currently  recognized  in  the 
CCS  (reviewed  in  Smith,  2005).  One 
spawns  in  the  Gulf  of  California,  one 
spawns  in  inshore  waters  of  southern 
Baja  California,  Mexico,  and  a  north¬ 
ern  subpopulation  spawns  primarily 
off  Southern  and  Central  California. 
For  the  management  of  Pacific  sardine, 
the  governments  of  both  the  United 
States  and  Canada  assume  all  Pacific 
sardine  of  the  northern  subpopulation 
belong  to  one  northerly  migrating  stock 
(Hill  et  al.1).  Pacific  sardine  have  also 
spawned  successfully  further  north  in 
some  years,  indicating  either  a  pos¬ 
sible  separate  spawning  population 


1  Hill,  K.  T.,  P.  R.  Crone,  E.  Dorval,  and  B.  J. 
Macewicz.  2015.  Assessment  of  the  Pacific 
sardine  resource  in  2015  for  U.S.A.  man¬ 
agement  in  2015-16,  116  p.  Agenda  item 
G.l.a.  Pacific  Fish.  Manage.  Counc.,  Port¬ 

land,  OR.  [Available  from  website.] 
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or  repeated  spawning  by  migrants  (Emmett  et  al.,  2005; 
Lo  et  al.,  2010).  If  the  Pacific  sardine  commercially  landed 
off  British  Columbia  is  from  a  portion  of  the  northern  sub¬ 
population  that  does  not  return  to  California  to  spawn  in 
certain  years,  it  could  have  management  considerations 
for  how  quotas  are  determined  for  both  Canada  and  the 
United  States. 

The  results  of  tagging  studies  conducted  between  1936 
and  1942,  during  the  peak  of  the  California  fishery,  indi¬ 
cate  that  Pacific  sardine  routinely  migrated  from  spawn¬ 
ing  grounds  off  San  Diego,  California,  to  feeding  grounds 
off  the  PNW  and  Vancouver  Island  (Hart,  1943;  Clark  and 
Janssen,  1945).  In  recent  years,  without  a  sufficient  bio¬ 
mass  or  a  reduction  fishery  to  collect  tags,  repeating  large- 
scale  tagging  studies  has  not  been  feasible.  Financial  costs 
of  such  studies  have  been  prohibitive  because  thousands  of 
tagged  fish  are  needed  to  increase  the  probability  of  recov¬ 
ery  of  tagged  individuals  (Jacobsen  and  Hansen,  2005). 

The  recent  use  of  techniques  to  examine  potential  stock 
discrimination  and  migration  patterns  of  the  northern 
stock,  such  as  genetics  (Hedgecock  et  al.,  1989;  Lecomte 
et  al.,  2004),  size  composition  (Lo  et  al.,  2011),  otolith  mor¬ 
phometries  (Javor  et  al.,  2011;  Javor,  2013),  and  stable  oxy¬ 
gen  isotopic  signatures  (Javor  and  Dorval,  2014),  have  had 
mixed  results.  No  genetic  differences  have  been  identified 
between  the  Pacific  sardine  captured  in  any  region  of  the 
CCS  (Hedgecock  et  al.,  1989;  Lecomte  et  al.,  2004).  Lo  et  al. 
(2011)  used  biomass  estimates  of  different  size  classes  to 
estimate  migration  of  different  size  classes  between  the 
PNW  and  California  in  2003-2005.  Otolith  morphomet¬ 
ries  differentiated  age-1  Pacific  sardine  collected  from 
Monterey,  California,  from  those  collected  off  San  Diego  in 
2006-2007  (Javor  et  al.,  2011).  Stable  oxygen  isotopic  signa¬ 
tures  of  otoliths  showed  some  north-south  trends  for  juve¬ 
nile  Pacific  sardine  but  no  regional  differentiation  among 
otoliths  of  adult  Pacific  sardine  (Javor  and  Dorval,  2014). 

One  method  that  has  successfully  identified  or  con¬ 
firmed  migration  patterns  and  stocks  of  marine  fish 
species  worldwide  is  the  use  of  parasite  species  as  biolog¬ 
ical  tags  (Thomas  et  al.,  1996;  MacKenzie  and  Abaunza, 
1998;  MacKenzie,  2002).  Many  parasite  taxa  can  serve 
as  biological  tags  because  a  fish  can  become  infected 
with  a  parasite  only  within  that  parasite’s  endemic  area 
(where  all  conditions  for  transmission  exist).  The  pres¬ 
ence  of  a  parasite  in  a  fish  host  caught  outside  of  that 
parasite’s  endemic  area,  therefore,  indicates  that  the  fish 
host  had  previously  been  in  the  parasite’s  endemic  area. 
Parasites  of  fish  can  be  acquired  by  direct  transmission 
or  through  trophic  transmission,  meaning  the  consump¬ 
tion  of  infected  prey  including  crustaceans  and  other 
fish.  Once  in  a  fish  host,  parasites  can  be  relatively  long 
lived,  remaining  in  or  on  the  host  from  months  to  years, 
depending  on  the  host-parasite  association  (Rohde, 
1984).  The  technique  of  using  parasites  has  limitations, 
such  as  time-consuming  examination  of  hosts  for  internal 
parasites,  a  potential  need  for  molecular  techniques  for 
correct  identification,  and  a  lack  of  adequate  information 
on  a  parasite’s  ecology  and  biology  (reviewed  in  MacKen¬ 
zie  and  Abaunza,  1998,  2014).  Despite  these  limitations, 


this  technique  has  often  been  used  by  scientific  and  fish¬ 
eries  agencies  (Pita  et  al.,  2016),  and  by  2014  more  than 
290  peer-reviewed  manuscripts  had  been  published  on 
the  topic  (Timi  and  MacKenzie,  2015). 

The  objective  of  our  research  was  to  determine  if  para¬ 
sites  infecting  the  northern  stock  of  Pacific  sardine  could 
be  used  to  identify  migration  patterns  of  the  northern 
stock  of  Pacific  sardine  within  the  CCS.  Our  approach 
included  comparing  1)  the  parasite  communities  of  Pacific 
sardine  collected  from  5  regions  along  the  west  coast  of 
North  America  and  2)  the  parasite  communities  of  Pacific 
sardine  to  those  of  the  central  and  northern  subpopula¬ 
tions  of  non-migratory  northern  anchovy  ( Engraulis  mor- 
dax),  which  are  infected  with  many  of  the  same  parasite 
species  (Love  and  Moser,  1983;  Zorica  et  al.,  2015).  The 
parasites  of  northern  anchovy  could  help  confirm  distribu¬ 
tions  of  parasites  recovered  from  migratory  Pacific  sardine 
in  the  northern  CCS. 

Materials  and  methods 

Fish  samples 

From  March  through  November  2005-2008,  1388  Pacific 
sardine  were  opportunistically  collected  by  research  and 
commercial  fishing  personnel  in  the  CCS,  between  Van¬ 
couver  Island  (32°  to  51°N)  and  Southern  California 
(119-128°W)  (Fig.  1).  Pacific  sardine  from  British  Colum¬ 
bia  were  caught  with  a  modified  Cantrawl2  (Cantrawl 
Nets  Ltd.,  Richmond,  Canada),  a  model  240-rope  trawl  (for 
details,  see  Morris  et  al.3).  All  other  Pacific  sardine  and 
northern  anchovy  (except  for  northern  anchovy  collected 
off  Southern  California  with  a  seine  net)  were  caught 
using  a  Nordic  264-rope  trawl  (for  details,  see  Baldwin 
et  al.,  2008).  Fish  collected  for  this  study  were  immedi¬ 
ately  frozen  onboard  the  vessel  and  later  stored  at  -80°C 
in  the  laboratory  until  processed  for  parasites. 

Pacific  sardine  ranged  in  size  from  100.6  to  285.7  mm 
fresh  standard  length  (SL).  Of  1388  collected  specimens, 
562  fish  were  classified  as  non-migrants  (<200  mm  SL)  and 
826  fish  were  classified  as  migrants  (>200  mm  SL)  (Table  1). 
Following  Lo  et  al.  (2011),  Pacific  sardine  <200  mm  SL  are 
non-migratory.  Therefore,  we  hypothesized  that  parasite 
communities  in  this  size  category  of  Pacific  sardine  would 
differ  among  regions  of  the  CCS.  In  contrast,  migratory¬ 
sized  Pacific  sardine  (>200  mm  SL)  would  have  similar 
parasite  communities  throughout  the  CCS,  if  the  entire 
population  of  the  northern  stock  was  migrating  annually 
from  Southern  or  Central  California  to  British  Columbia 
and  then  returning  to  California  to  spawn. 


2  Mention  of  trade  names  or  commercial  companies  is  for  identi¬ 
fication  purposes  only  and  does  not  imply  endorsement  by  the 
National  Marine  Fisheries  Service,  NOAA. 

3  Morris,  J.  F.  T.,  M.  Trudel,  M.  E.  Thiess,  T.  B.  Zubowski,  H.  R. 
Maclean,  J.  M.  R.  Curtis,  and  L.  Felli.  2009.  CCGS  W.E.  Ricker 
Gulf  of  Alaska  salmon  survey,  June  20-July  5,  2007.  Dep.  Fish. 
Oceans,  Can.  Data  Rep.  Fish.  Aquat.  Sci.  1221, 178  p.  [Available 
from  website.] 
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Figure  1 

Map  of  the  5  regions  of  the  California  Current  System 
where  Pacific  sardine  (Sard inops  sagax)  were  sampled 
from  2005  through  2008  for  analyses  of  parasite  commu¬ 
nities.  The  regions  are  Vancouver  Island,  British  Columbia 
(BC),  Canada,  Washington  and  Oregon  (WA-OR),  North¬ 
ern  California  (NorCA),  Central  California  (CenCA),  and 
Southern  California  (SoCA).  Boxes  outlined  with  a  black 
line  represent  areas  within  each  region  in  which  opportu¬ 
nistic  samples  were  taken. 


Although  not  all  Pacific  sardine  were  aged,  we  esti¬ 
mated  ages  to  vary  from  0  to  10  years,  on  the  basis  of 
Hill  et  al.  (2010)  and  by  using  a  relationship  between  age 
and  SL  (Javor4).  A  subset  of  the  Pacific  sardine  caught  off 
California  during  this  period  was  aged.  The  median  age 
of  this  subset  ranged  from  2  years  in  2005  and  2006  to 
3  years  and  4  years  in  2007  and  2008  (Dorval  et  al.,  2015). 


4  Javor,  B.  2008.  Personal  commun.  Southwest  Fish.  Sci.  Cent., 
Natl.  Mar.  Fish.  Serv.,  8901  La  Jolla  Shores  Dr.,  La  Jolla, 
CA  92037. 


However,  analyses  did  not  focus  on  fish  age  because  it 
was  not  possible  to  age  all  individual  Pacific  sardine  in 
our  study. 

During  2007  and  2008,  168  northern  anchovy 

(98.0-143.0  mm  SL)  were  collected  to  serve  as  non- 
migratory  sample  controls.  In  June-July  2007,  20  north¬ 
ern  anchovy  (104-125  mm  SL)  were  collected  off  Grays 
Harbor,  Washington  (47.00°N),  and  97  fish  (100-143  mm 
SL)  were  captured  off  Willapa  Bay,  Washington  (46.67°N). 
In  June  2008,  51  northern  anchovy  (98-142  mm  SL)  were 
collected  off  Point  Hueneme,  California  (34.15°N). 

Each  fish  was  thawed  in  the  laboratory,  weighed  to  the 
nearest  0.1  g,  and  measured  (as  SL  in  millimeters).  To 
account  for  shrinkage  due  to  freezing,  lengths  of  thawed 
Pacific  sardine  were  adjusted  by  using  the  following 
regression  (Lo  et  al.,  2007): 

Fresh  SL  =  2.89  +  1.0286  ( Thawed  SL). 

No  length  regression  formula  was  available  for  the  north¬ 
ern  anchovy  to  estimate  fresh  SL;  therefore,  SL  values  are 
reported  from  fish  that  were  frozen  and  then  thawed. 

Parasite  recovery 

Standard  necropsy  procedures  were  followed  to  examine 
fish  for  parasites  (Arthur  and  Albert,  1994;  Baldwin  and 
Goater,  2003),  with  the  body  cavity  and  external  surface  of 
the  viscera  examined  for  parasites  during  removal  of  the 
stomach  and  intestine.  Gills  were  examined  only  in  Pacific 
sardine  caught  in  2005  because  only  one  unknown  mono- 
genean  was  recovered  from  gills  examined  in  2005.  Eyes 
were  also  not  examined  because  no  parasites  were  recov¬ 
ered  from  the  eyes  of  Pacific  sardine  by  us  in  a  previous 
study;  nor  were  they  reported  in  other  studies  in  the  CCS 
(Love  and  Moser,  1983).  When  possible,  recovered  para¬ 
sites  were  identified  morphologically  to  species  by  using 
dissection  and  compound  microscopes;  then  they  were  pre¬ 
served  in  95%  ethanol.  Most  parasites  were  identified  to 
species,  but  those  in  poor  condition  were  classified  only 
to  phylum  or  class.  Because  we  found  no  difference  in  geo¬ 
graphic  distributions  among  5  anisakid  nematode  taxa 
from  a  subset  of  these  Pacific  sardine  in  a  previous  study 
(Baldwin  et  al.,  2011),  all  anisakids  (identified  genetically 
or  morphologically)  were  combined  into  one  category  for 
this  study  and  referred  to  herein  as  Anisakis  spp. 

Statistical  analyses 

We  divide  the  study  area  of  the  CCS  into  5  regions  to 
best  define  where  fish  were  sampled:  1)  Vancouver  Island 
(hereafter,  referred  to  as  British  Columbia  (from  52.0°N 
to  48.3°N),  2)  Washington  and  Oregon  (48.3°N  to  42.0°N), 
3)  Northern  California  (from  the  Oregon-California  bor¬ 
der  at  42.0°N  to  38.0°N),  4)  Central  California  (38.0°N  to 
35.0°N),  and  5)  Southern  California  (south  of  35.0°N  to 
32.0°N)  (Fig.  1).  We  describe  the  parasite  communities  as 
defined  by  Bush  et  al.  (1997)  by  using  parasite  prevalence 
(the  percentage  of  infected  fish)  and  mean  intensity  (the 
number  of  individual  parasites  per  infected  fish). 
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Because  Lo  et  al.  (2011)  reported  different  migration 
rates  (estimated  percentages  of  the  total  biomass)  of  the 
northern  subpopulation  of  Pacific  sardine  on  the  basis  of 
size,  we  initially  analyzed  non-migrant  Pacific  sardine 
(<200  mm  SL)  and  different  size  categories  of  potential 
migrants  separately.  Pacific  sardine  >200  mm  SL  (poten¬ 
tial  migrants)  were  split  into  3  size  categories:  200-209, 
210-219,  and  >220  mm  SL. 

We  used  multivariate  methods  to  explore  variation  in 
the  parasite  community  data.  Multivariate  analyses  of 
parasite  communities  were  performed  by  using  the  mul¬ 
tivariate  statistics  package  PRIMER,  vers.  7  (PRIMER-e 
Ltd.,  Auckland,  New  Zealand)  (Clarke  and  Gorley,  2015) 
that  includes  the  PERMANOVA+  module  (Anderson  et  al., 
2008).  Only  infected  fish  were  included  in  multivariate 
analyses.  Sample  sizes  of  infected  Pacific  sardine  per  size 
category  per  region  are  provided  in  Table  2.  Some  individ¬ 
ual  fish  harbored  few  parasites;  therefore,  parasite  inten¬ 
sity  data  were  averaged  among  3-5  fish  with  the  greatest 
similarity  in  length.  Parasite  intensity  data  were  square- 
root  transformed  to  reduce  skewness  due  to  any  dominant 
parasite  species  and  to  stabilize  the  variance  (Clarke  et  al., 
2014a).  Unidentifiable  parasites  (41  of  the  2451  parasites 


recovered,  <2%  of  the  total)  were  not  included  in  the  multi¬ 
variate  analysis. 

We  constructed  resemblance  matrices  based  upon 
Bray-Curtis  similarity  with  a  dummy  parasite  value  of  1 
included  to  reduce  the  variability  of  some  of  the  sparsely 
infected  samples  (Clarke  et  al.,  2006).  We  then  used  these 
matrices  to  construct  nonmetric  multidimensional  scaling 
(MDS)  ordinations  on  regionxfish  size  centroids  to  graph¬ 
ically  explore  spatial  patterns  of  differences  among  the 
parasite  communities  of  fish  groups  (Clarke  et  al.,  2014a). 

To  quantitatively  evaluate  variation  in  parasite  commu¬ 
nities,  multivariate  parasite  data  were  modeled  for  main 
effects  by  using  a  3-way  permutational  multivariate  anal¬ 
ysis  of  variance  (PERMANOVA)  based  on  Bray-Curtis 
similarities  (Bray  and  Curtis,  1957).  The  PERMANOVA 
test  applies  a  nonparametric  discriminative  method  based 
on  permutation  tests  that  do  not  rely  on  assumptions  (e.g., 
normality,  equal  variance)  commonly  too  stringent  for  most 
ecological  data  sets  (Anderson,  2001).  Main  factors  in  the 
model  include  region,  fish  size  category,  and  haul  nested 
in  region  as  a  random  factor.  Year  was  included  as  a  ran¬ 
dom  factor  in  the  initial  model,  but  it  was  not  a  significant 
factor  and  was  removed.  The  models  were  run  for  9999 


Table  1 

General  information  on  Pacific  sardine  ( Sardinops  sagax)  classified  as  either  non-migratory  (<200  mm  in  standard  length  [SL]) 
or  migratory  (>200  mm  SL).  Fish  were  caught  by  using  a  modified  rope  trawl  or  purse  seine  in  5  regions  of  the  California 
Current  System  from  2005  through  2008  and  analyzed  for  parasites.  H=total  number  of  hauls;  n=number  of  fish  caught;  and 
SE=standard  error. 


Mean  SL 


<200  mm  >200  mm 


Region 

H 

n 

Years 

(SE) 

Min. 

n 

Years 

(SE) 

Max. 

Vancouver  Island,  Canada 

6 

43 

05-07 

175.8  (2.68) 

148.1 

176 

05-07 

223.1  (1.14) 

285.7 

Washington  and  Oregon 

19 

113 

05-07 

184.6(1.55) 

100.6 

419 

05-08 

219.4  (0.83) 

279.6 

Northern  California 

10 

142 

06-07 

191.8  (0.78) 

120.2 

139 

06-07 

208.2  (0.82) 

260.4 

Central  California 

5 

152 

05-07 

175.4(1.23) 

106.8 

36 

06-07 

211.3  (1.88) 

267.2 

Southern  California 

4 

112 

06-07 

178.3  (0.93) 

157.2 

56 

06-08 

220.8(1.53) 

257.9 

Table  2 

Number  of  Pacific  sardine  ( Sardinops  sagax)  caught  from  2005  through  2008  in  5  regions  of  the  Cali¬ 
fornia  Current  System  and  infected  with  at  least  1  parasite  to  be  included  in  multivariate  community 
analyses.  SI  -standard  length. 


Size  category 
(mm  SL) 

British 

Columbia 

Washington  and 
Oregon 

Northern 

California 

Central 

California 

Southern 

California 

Total 

<200 

29 

40 

87 

79 

87 

322 

200-209 

20 

55 

59 

7 

7 

148 

210-219 

40 

72 

13 

11 

9 

145 

>220 

78 

101 

6 

2 

21 

208 

Total 

167 

268 

165 

99 

124 

823 

200 
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permutations.  The  PE  RM  AN  OVA  F-  ratio  test  statistic  is 
based  on  the  expectations  of  mean  squares  and  is  directly 
analogous  to  the  construction  of  the  E-statistic  for  multi¬ 
factorial  univariate  models  but  should  be  thought  of  as  a 
pseudo  /'-test  statistic  because  it  does  not  have  a  known 
distribution  under  a  true  null  hypothesis  (Anderson  et  al., 
2008).  To  estimate  statistical  significance  between  regions 
and  between  size  categories,  pairwise  PERMANOVA 
tests  were  run.  These  tests  included  a  Type  II  (condi¬ 
tional)  sum  of  squares,  with  fixed  effects  summed  to  zero 
for  mixed  terms,  and  permutation  of  residuals  under  a 
reduced  model.  The  pairwise  PERMANOVA  pseudo  t-test 
statistic  is  a  direct  multivariate  analogue  to  the  univari¬ 
ate  t-statistic  (Anderson  et  al.,  2008).  Exact  permutation 
P-values  are  reported. 

Canonical  analysis  of  principal  coordinates  (CAP) 
was  used  to  further  examine  differences  among  parasite 
communities  by  measuring  the  distinctiveness  of  groups 
through  cross  validation  (Anderson  et  al.,  2008).  Over¬ 
parameterization  was  prevented  by  choosing  the  number 
of  principal  coordinate  analysis  (PCO)  axes  that  maxi¬ 
mized  a  leave-one-out  allocation  success  to  groups  (Ander¬ 
son  and  Robinson,  2003).  The  CAP  analyses  were  based 
on  abundance  data  and  used  a  Bray-Curtis  dissimilarity 
coefficient.  A  permutation  “trace”  ( tr )  test  (sum  of  squared 
canonical  eigenvalues)  was  used  to  test  for  significant 
differences. 


We  determined  which  parasite  taxa  contributed  the 
greatest  percent  contributions  to  distinctiveness  of  par¬ 
asite  communities  by  using  the  similarity  percentage 
(SIMPER)  procedure  in  PRIMER  and  performed  a  shade 
plot  analysis  (Clarke  et  ah,  2014b)  on  the  7  most  abun¬ 
dant  parasite  taxa  to  provide  a  visual  display  of  the  para¬ 
site  taxa  most  responsible  for  differences  or  trends  among 
sizes  of  Pacific  sardine  and  regions  of  collection. 

For  the  parasite  communities  of  northern  anchovy,  for 
which  a  less  complex  data  set  was  available,  a  one-way 
multivariate  analysis  of  similarities  (ANOSIM)  permuta¬ 
tion  test  was  used  to  identify  differences  in  parasite  mean 
abundances  among  regions.  The  ANOSIM  test,  based  on 
rank  similarities,  provides  R  values.  An  R  value  close  to 
or  equal  to  one  indicates  that  all  communities  within  a 
group  are  more  similar  to  each  other  than  to  communities 
from  different  groups,  and  an  R  value  approximating  zero 
indicates  that  similarities  within  and  between  groups  are 
the  same  (Clarke  and  Green,  1988). 

Results 

Pacific  sardine:  parasite  taxa  recovered 

A  total  of  14  trophically  transmitted  parasite  taxa  were 
recovered  from  Pacific  sardine  (Table  3).  We  recovered 


Table  3 

Prevalence  (P)  and  mean  intensity  (I),  with  95%  confidence  intervals  (95%  CIs),  of  parasites  recovered  from  1388  Pacific  sardine 
(Sardi?iops  sagax )  caught  in  5  regions  of  the  California  Current  System  from  2005  through  2008.  n=sample  size.  Asterisks  (*) 
denote  that  only  2  infected  fish  were  collected. 


British  Washington  and  Northern  California  Central  California  Southern  California 


Parasite  taxa 

Columbia  (n=219) 

Oregon  (n= 532) 

(n=281) 

(n=188) 

(n= 168) 

P(%) 

I  (95%  Cl) 

P(%) 

I  (95%  Cl) 

P(%) 

I  (95%  Cl) 

P(%) 

I  (95%  Cl) 

P(%) 

I  (95%  Cl) 

NEMATODA 

Anisakis  spp. 

25.1 

1.4  (1.2— 1.6) 

24.2 

1.7  (1.4— 2.0) 

11.4 

1.0  (0.9-1. 1) 

6.4 

1.3  (0.7-1. 6) 

12.0 

2.3  (1.3-3. 3) 

Contracaecum 

0.0 

0.0 

0.0 

0.0 

1.2 

1.5* 

rnargolisi 

C.  rudolphii 

0.0 

0.0 

0.0 

0.0 

1.8 

1.0 

Hysterothylacium  sp. 

18.7 

1.3(1. 1-1.5) 

19.0 

1.5(13-1.7) 

24.9 

1.4  (1.2-1. 6) 

9.6 

1.2  (0.9-1. 5) 

31.5 

1.5  (1.3-1. 7) 

Unknown  nematode 

0.9 

1.0 

2.4 

1.2  (1.0-1. 4) 

3.2 

1.2  (0.9-1. 5) 

2.1 

1.0 

3.0 

1.0 

TREMATODA 

Lampritrema  sp. 

0.0 

0.0 

0.0 

0.5 

1.0 

0.0 

Lecithaster  gibbosus 

48.4 

4.9  (3.7-6. 1) 

8.1 

2.9  (1. 8-3.0) 

1.1 

1.0 

0.0 

0.0 

Myosacciurn  ecaude 

5.0 

1.6  (0.6-2. 6) 

8.1 

1.2  (0.8-1. 6) 

28.8 

2.2  (1. 6-3.0) 

29.8 

2.1  (1.6-2. 6) 

41.7 

2.3  (1.5-3. 1) 

Parahemiurus  merus 

25.1 

1.8  (1.4-2. 2) 

5.3 

1.0  (0.9-1. 1) 

5.3 

1.3  (0.9-1. 7) 

16.0 

1.1  (0.9-1. 3) 

19.0 

1.3(1. 1-1.5) 

Pronoprymna  petrowi 

8.7 

7.0  (2.8-11.2) 

0.4 

1.5* 

0.0 

0.0 

0.0 

Unknown  trematode 

0.5 

1.0 

0.0 

0.4 

1.0 

0.0 

0.6 

1.0 

ACANTHOCEPHALA 

Rhadinorhynchus  sp. 

0.5 

2.0 

1.9 

1.3  (0.9-1. 7) 

0.7 

1.0 

1.6 

1.0 

1.8 

1.0 

CESTODA 

Tetraphyllidea 

0.0 

0.2 

1.0 

0.0 

0.0 

0.0 

Unknown  cestode 

0.5 

5.0 

0.0 

0.0 

0.0 

0.0 
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parasites  from  59.3%  of  the  Pacific  sardine  sampled.  The 
prevalence  of  infection  (percentage  of  samples  infected) 
of  any  parasite  taxa  ranged  from  less  than  1.0%  to 
48.4%,  and  mean  intensities  of  infection  ranged  from  1.0 
to  7.0  individual  parasites  of  a  taxon  per  infected  fish 
(Table  3). 

The  most  abundant  parasite  (greatest  prevalence  and 
intensity)  recovered  from  the  Pacific  sardine  from  any 
region  was  the  trematode  Lecithaster  gibbosus.  Its  prev¬ 
alence  was  highest  in  Pacific  sardine  caught  off  British 
Columbia  at  48.4%  infected.  The  highest  intensity  of 
L.  gibbosus  was  51  individual  parasites  in  a  single  Pacific 
sardine  caught  off  British  Columbia.  Although  abundant 
in  the  north,  this  parasite  was  not  recovered  from  any 
Pacific  sardine  caught  off  Central  or  Southern  Califor¬ 
nia.  Another  commonly  recovered  trematode,  Myosac- 
cium  ecaude,  was  found  at  a  high  prevalence  of  41.7%  off 
Southern  California,  as  well  as  at  relatively  high  preva¬ 
lences  off  Central  and  Northern  California  (29.8%  and 
28.8%,  respectively).  This  trematode  was  also  recovered 
in  the  region  off  Washington  and  Oregon  and  off  Brit¬ 
ish  Columbia  but  at  prevalences  of  only  8.1%  and  5.0%, 
respectively. 

Nematodes  from  2  genera,  Hysterothylacium  sp.  and 
Anisakis  spp.,  were  also  recovered  at  relatively  high 
prevalences  (but  low  intensities)  throughout  the  study 
area  (Table  3).  Hysterothylacium  sp.  was  recovered 
in  highest  prevalence  (31.5%)  in  Southern  California. 
Anisakis  spp.  were  recovered  in  highest  prevalence  off 
British  Columbia  and  in  the  region  off  Washington  and 
Oregon  (25.1%  and  24.2%,  respectively),  but  mean  inten¬ 
sity  was  slightly  higher  for  Anisakis  spp.  in  Southern 
California. 


Northern  anchovy:  parasite  taxa  recovered 
and  distribution  patterns 

A  total  of  7  parasite  taxa  were  recovered  from  the  north¬ 
ern  anchovy  (Table  4).  Parasites  were  recovered  from  60% 
of  the  northern  anchovy  caught  off  Grays  Harbor,  Wash¬ 
ington,  21%  of  fish  caught  off  Willapa  Bay,  Washington, 
and  69%  of  fish  caught  off  Port  Hueneme,  California. 
Mean  intensities  of  all  parasite  taxa  were  low,  ranging 
from  1.0  to  2.0  individual  parasites  per  infected  anchovy. 
Although  the  nematodes  Anisakis  spp.  and  Hysterothyla¬ 
cium  sp.  were  recovered  from  northern  anchovy  from  all 
3  locations,  the  parasite  communities  were  significantly  dif¬ 
ferent  (ANOSIM:  global  72=0.88,  P<0.01).  The  trematode 
Parahemiurus  merus  was  also  found  in  all  locations  but  at 
higher  prevalence  off  Southern  California  at  33%  infected, 
compared  with  5%  and  2%  in  both  northern  groups.  An 
unidentified  trematode  belonging  to  the  Didymozoidae 
was  recovered  exclusively  from  northern  anchovy  collected 
off  Southern  California  at  a  prevalence  of  41%.  In  contrast, 
the  trematode  L.  gibbosus  was  recovered  exclusively,  and 
at  a  high  prevalence  of  45%,  from  the  most  northern  sam¬ 
ples  collected  off  Grays  Harbor.  Pairwise  ANOSIM  showed 
that  the  parasite  communities  from  the  two  collections  of 
anchovy  from  different  locations  off  Washington  were  also 
significantly  different  (ANOSIM:  72=0.75,  P=0.01). 

Multivariate  community  analyses:  parasites  of  Pacific  sardine 

A  nonmetric  MDS  ordination  of  parasite  community  data 
averaged  by  size  category  and  region  shows  the  differ¬ 
ences  in  parasite  communities  of  all  size  categories  of 
Pacific  sardine  from  British  Columbia  compared  with 


Table  4 

Prevalence  (P)  and  mean  intensity  (I),  with  95%  confidence  intervals  (95%  Cl),  of  parasites  recovered 
from  northern  anchovy  (Engraulis  mordax )  caught  off  Washington  (WA)  in  2007  and  Southern  Califor¬ 
nia  (CA)  in  2008.  n=sample  size.  An  asterisk  (*)  denotes  that  only  2  infected  fish  were  collected. 

Parasite  taxa 

Grays  Harbor,  WA 
in= 20) 

Willapa  Bay,  WA 
(n= 97) 

Port  Hueneme,  CA 
(n=51) 

P  (%) 

I  (95%  Cl) 

P(%) 

I  (95%  Cl) 

P% 

I  (95%  Cl) 

NEMATODA 

Anisakis  spp. 

10.0 

1.5* 

5.2 

1.0 

5.9 

1.0 

Hysterothylacium  sp. 

5.0 

1.0 

7.2 

1.3  (0.8-1. 8) 

17.6 

1.2  (0.7-1. 7) 

Unknown  nematode 

0.0 

11.3 

1.3  (0.9-1. 7) 

10.0 

1.2  (0.6-1. 8) 

TREMATODA 

Lecithaster  gibbosus 

45.0 

2.0  (0.8-3. 2) 

0.0 

0.0 

Parahemiurus  merus 

5.0 

1.0 

2.1 

1.0 

33.3 

1.3  (1. 1-1.5) 

Didymozoidae 

0.0 

0.0 

41.2 

1.8  (1.2-2. 2) 

CESTODA 

Tetraphyllidea 

5.0 

1.00 

0.0 

0.0 
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those  from  all  size  categories  from  all  other 
regions  (Fig.  2A).  This  nonmetric  MDS  plot  also 
shows  the  trend  of  the  differences  in  parasite 
communities  among  size  categories  of  Pacific  sar¬ 
dine  within  each  region,  except  for  those  from 
Central  and  Southern  California. 

An  additional  nonmetric  MDS  ordination 
includes  the  parasite  communities  of  the  3  north¬ 
ern  anchovy  collections  with  those  of  Pacific  sar¬ 
dine  (Fig.  2B).  Figure  2B  shows  the  high  similarity 
of  the  parasite  community  of  northern  anchovy 
collected  off  Grays  Harbor  to  those  of  Pacific  sar¬ 
dine  collected  off  British  Columbia.  The  parasite 
community  of  northern  anchovy  collected  off  Wil- 
lapa  Bay  was  most  similar  to  parasite  communi¬ 
ties  of  Pacific  sardine  200-209  and  210-219  mm 
SL  from  Washington  and  Oregon  and  of  Pacific 
sardine  210-219  mm  SL  from  Northern  and  Cen¬ 
tral  California.  The  sample  of  northern  anchovy 
collected  off  Port  Hueneme  was  most  similar 
to  Pacific  sardine  200-209  mm  SL  collected  off 
Southern  California.  The  overlays  on  this  non¬ 
metric  MDS  plot  show  clustering  of  all  parasite 
communities  south  of  British  Columbia  at  60% 
similarity  and  clustering  in  4  groups  of  parasite 
communities  at  70%  similarity.  The  4  groups 
are  composed  of  communities  recovered  from  1) 
Pacific  sardine  from  British  Columbia  and  north¬ 
ern  anchovy  from  off  Grays  Harbor,  2)  northern 
anchovy  from  Southern  California  and  Pacific 
sardine  200-209  mm  SL  from  Southern  Califor¬ 
nia,  3)  Pacific  sardine  <200  mm  SL  from  all  Cal¬ 
ifornia  regions  and  Pacific  sardine  200-209  mm 
SL  from  Central  California,  and  4)  all  Pacific 
sardine  collected  from  Washington  and  Oregon, 
Pacific  sardine  200-209  mm  SL  from  Northern 
California,  all  Pacific  sardine  210-219  mm  SL 
and  >220  mm  SL  from  California,  and  northern 
anchovy  from  Willapa  Bay. 

A  2-way  PERMANOVA  on  Pacific  sardine 
parasite  communities  showed  that  both  region 
(pseudo-F=4.75)  and  fish  size  category  (pseu- 
do-F=5.12)  were  significant  factors  (P<0.01)  in 
the  main  effects  model.  There  was  not  a  signif¬ 
icant  interaction  between  region  and  fish  size 
(pseudo-F=0.97,  P=0.50).  A  PERMANOVA  for 
pairwise  comparison  of  parasite  communities 
showed  that  there  was  no  significant  difference 
between  the  parasite  communities  of  Pacific  sar¬ 
dine  <200  mm  SL  and  200-209  mm  SL  (pseudo 
£=1.43,  P=0.11)  (data  not  shown).  Thus,  these 
size  categories  were  combined  into  one  category 
(<210  mm  SL)  in  further  analyses.  In  contrast, 
parasite  communities  from  the  2  larger  size  cat¬ 
egories  were  significantly  different  from  those  of 
the  smaller  Pacific  sardine  and  from  each  other 
(all  comparisons  P<0.05)  (data  not  shown). 

Pairwise  regional  comparisons  with  PER¬ 
MANOVA  between  the  parasite  communities 


A  British  Columbia 
V  WA-OR 
■  NorCA 
♦  CenCA 
o  SoCA 


+  Anchovy-Wilapa  Bay 
x  Anchovy-Grays  Harbor 
*  Anchovy-SoCA 


Figure  2 

Nonmetric  multidimensional  scaling  (MDS)  plots  of  distance  from 
centroids  calculated  from  square-root  transformed  data  of  parasite 
abundance  from  (A)  Pacific  sardine  ( Sardinops  sagax)  sampled  in  the 
California  Current  System  from  2005  through  2008,  averaged  by  size 
category  and  region  of  collection  (lines  connect  size  categories  within 
a  region),  and  (B)  Pacific  sardine  caught  in  2005-2008  and  northern 
anchovy  (Engraulis  rnordax )  caught  off  Washington  in  2007  (2  sites) 
and  Southern  California  in  2008  (1  site),  averaged  by  collection  loca¬ 
tion.  Results  of  a  hierarchical  agglomerative  clustering  with  similarity 
values  of  60%  and  70%  are  overlaid  onto  the  plot.  Symbol  shapes  rep¬ 
resent  regions  where  Pacific  sardine  were  sampled.  Sample  collection 
occurred  in  5  regions:  Vancouver  Island,  British  Columbia,  Canada, 
Washington  and  Oregon  (WA-OR);  Northern  California  (NorCA),  Cen¬ 
tral  California  (CenCA),  and  Southern  California  (SoCA).  The  labels 
<200,  200,  210,  and  220  indicate  the  size  category:  <200,  200-209, 
210-219,  and  >220  mm  in  standard  length.  The  2D  stress  value  is  a 
measure  of  the  representation  of  interrelationships  in  a  2-dimensional 
ordination  space,  with  stress  <0.1  corresponding  to  a  good  interpreta¬ 
tion  and  stress  <0.2  providing  a  useful  2-dimensional  picture. 
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of  Pacific  sardine  from  the  5  different  regions  were  ana¬ 
lyzed  separately  for  the  different  size  categories,  following 
the  results  of  the  pairwise  comparison  on  size  categories 
described  above.  For  Pacific  sardine  <210  mm  SL  (the 
combination  of  the  2  smallest  size  categories),  the  parasite 
communities  collected  off  British  Columbia  were  signifi¬ 
cantly  different  from  those  from  all  other  sampled  regions 
of  the  CCS  (all  comparisons:  P<0.01)  (Table  5).  No  other 
regional  comparisons  were  statistically  significant  for  this 
size  category  of  Pacific  sardine.  For  Pacific  sardine  210- 
219  mm  SL,  the  parasite  communities  of  fish  from  British 
Columbia  were  significantly  different  from  those  collected 
off  Washington  and  Oregon  (pseudo-£=2.41,  P<0.01)  and 
off  Northern  California  (pseudo-£=1.89,  P=0.01).  P-values 
for  pairwise  regional  comparisons  with  PERMANOVA 
between  Pacific  sardine  in  this  size  category  from  British 
Columbia  and  Central  and  Southern  California  were  0.08. 
For  Pacific  sardine  >220  mm  SL,  a  significant  difference 
between  parasite  communities  was  found  between  fish 
caught  off  British  Columbia  and  those  collected  off  Wash¬ 
ington  and  Oregon  (pseudo-£=1.71,  P=0.04)  (Table  5). 

Because  the  pairwise  PERMANOVA  for  regions  showed 
no  differences  among  our  regions  of  California,  we  per¬ 
formed  a  CAP  analysis  with  those  regions  condensed 
into  one  California  region.  The  CAP  analysis  further  sup¬ 
ported  significant  differences  among  all  regions  for  the 
Pacific  sardine  <210  mm  SL  (tr=0. 63182,  P=0.0001).  The 
selected  orthonormal  PCO  axes  (m= 3  axes)  described  89% 
of  the  variation  in  the  data  cloud.  Cross-validation  results 
of  this  CAP  model  show  the  distinctiveness  of  the  Pacific 
sardine  <210  mm  SL  collected  off  British  Columbia  with 


correct  allocation  to  their  own  group  at  76.5%  and  of  the 
Pacific  sardine  <210  mm  SL  collected  off  California  with 
correct  allocation  to  California  at  82.2%  (Table  6).  Similar 
results  of  CAP  analysis  were  observed  with  Pacific  sardine 
210-219  mm  SL  (tr=0. 67626,  P=0.0001)  and  >220  mm 
SL  (tr= 0.50237,  P=0.0001).  Correct  allocations  to  British 
Columbia  were  80%  and  70%  for  these  2  size  categories  of 
large  Pacific  sardine  when  the  m= 3  and  m= 4  orthonormal 
PCO  axes,  respectively,  were  used.  The  correct  allocation 
of  Pacific  sardine  >220  mm  SL  back  to  California  was  also 
high  at  80%.  Correct  allocations  to  Washington  and  Ore¬ 
gon  were  fewer,  with  assignments  also  going  to  both  Brit¬ 
ish  Columbia  and  California,  but  were  greater  than  the 
33.3%  that  would  be  expected  from  chance  alone,  except 
for  fish  >220  mm  SL  (Table  6). 

Regional  differences  in  abundance  of  specific  parasites 
observed  among  Pacific  sardine  played  a  differential  role 
in  defining  regional  parasite  communities.  For  example,  3 
trematode  species,  L.  gibossus,  Pronoprymna  petrowi,  and 
Parahemiurus  merus,  were  more  abundant  in  samples 
from  British  Columbia  than  in  those  from  other  regions 
(see  shade  differences  presented  in  Figure  3).  In  con¬ 
trast,  another  trematode,  M.  ecaude,  had  high  abundance 
in  Pacific  sardine  from  California  regions.  Abundance  of 
Anisakis  spp.  increased  in  concert  with  increasing  size  of 
Pacific  sardine  from  all  regions,  but  especially  among  large 
sardines  collected  off  Central  and  Southern  California. 

In  all  size  categories  of  Pacific  sardine  caught  off  Brit¬ 
ish  Columbia,  the  trematode  L.  gibossus  provided  the 
highest  percent  contribution  to  the  parasite  communi¬ 
ties,  from  71.5%  in  the  Pacific  sardine  <210  mm  SL  to 


Table  5 

Results  of  pairwise  comparisons  with  permutational  multivariate  analysis  of  variance 
(PERMANOVA)  between  parasite  communities  of  Pacific  sardine  ( Sardinops  sagax) 
caught  from  2005  through  2008  in  5  regions  of  the  California  Current  System  and  ana¬ 
lyzed  separately  by  size  category:  <210  mm  standard  length  (SL),  210-219  mm  SL,  and 
>220  mm  SL.  The  regions  are  British  Columbia  (1),  Washington  and  Oregon  (2),  North¬ 
ern  California  (3),  Central  California  (4),  and  Southern  California  (5).  The  pairwise 
PERMANOVA  pseudo-1  test  statistic  is  a  direct  multivariate  analogue  to  the  univariate 
^-statistic.  This  value  is  provided  with  a  permutation  P-value. 


Regional 

comparisons 

<210  mm  SL 

210-219  mm  SL 

>220  mm  SL 

Pseudo-^ 

P 

(perm) 

Pseudo-i 

P 

(perm) 

Pseudo-f 

P 

(perm) 

1,2 

2.60 

<0.01 

2.41 

<0.01 

1.71 

0.04 

1,3 

3.69 

<0.01 

1.89 

0.01 

1.50 

0.12 

1,4 

3.08 

<0.01 

1.52 

0.08 

1.36 

0.20 

1,5 

2.85 

<0.01 

1.67 

0.08 

1.40 

0.95 

2,3 

1.32 

0.17 

0.59 

0.77 

0.38 

0.95 

2,4 

1.25 

0.06 

0.75 

0.55 

0.47 

0.83 

2,5 

1.66 

0.22 

1.18 

0.24 

0.53 

0.75 

3,4 

1.36 

0.17 

0.77 

0.66 

0.60 

0.75 

3,5 

1.35 

0.17 

0.85 

0.67 

0.71 

0.50 

4,5 

0.81 

0.50 

0.57 

0.90 

0.63 

0.85 
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Table  6 

Percentage  of  correct  allocations  of  parasite  communities  of  Pacific  sardine  ( Sardinops  sagax ),  caught  from  2005 
through  2008,  to  3  regions  of  the  California  Current  System  based  on  cross-validation  results  of  canonical  analysis 
of  principal  coordinates.  SL=standard  length. 


Collection  location 

Size  category 
(mm  SL) 

British 

Columbia 

Washington 
and  Oregon 

California 

No.  of  sample 
groups 

% 

correct 

British  Columbia 

<210 

13 

3 

1 

17 

76.5 

210-219 

8 

1 

1 

10 

80.0 

>220 

14 

5 

1 

20 

70.0 

Washington  and  Oregon 

<210 

5 

15 

14 

34 

44.1 

210-219 

2 

12 

10 

24 

50.0 

>220 

8 

9 

12 

29 

31.0 

California 

<210 

0 

18 

83 

101 

82.2 

210-219 

1 

5 

5 

11 

45.5 

>220 

0 

2 

8 

10 

80.0 

BC  WA-OR  NorCA  CenCA  SoCA 


Pronoprymna 


Parahemiurus 


Myosaccium 


Hysterothylacium 


Anisakis 


Fthadinorhynchus 


Figure  3 

Shade  plot  of  abundance  of  the  7  most  abundant  taxa  of  trophically  transmit¬ 
ted  parasites  from  Pacific  sardine  ( Sardinops  sagax),  illustrating  differences 
among  fish  size  categories  and  regions  of  the  California  Current  where  Pacific 
sardine  were  sampled  from  2005  through  2008.  Shading  intensity  increases 
with  parasite  intensity  on  the  dispersion-weighted  scale  (numeric  values  in 
the  shade  key  represent  the  square-root  of  intensity).  The  grayscale  shading 
in  plot  cells  are  proportional  to  square-rooted  intensity:  from  white  (taxon 
not  recovered)  to  black  (maximum  intensity).  Parasite  taxa,  displayed  on  the 
y-axis,  are  ordered  by  a  cluster  analysis  of  their  mutual  associations  across 
size  and  region  groups.  Therefore,  taxa  exhibiting  similar  patterns  of  abun¬ 
dance  across  the  averaged  fish  groups  were  clustered  on  the  displayed  y-axis 
dendrogram.  The  labels  <200  mm,  200  mm,  210  mm,  and  220  mm  indicate 
the  size  category:  <200,  200-209,  210-219,  and  >220  mm  in  standard  length. 
There  are  5  regions:  Vancouver  Island,  British  Columbia  (BC),  Canada,  Wash¬ 
ington  and  Oregon  (WA-OR),  Northern  California  (NorCA),  Central  California 
(CenCA),  and  Southern  California  (SoCA). 


Lecithaster 


35.9%  and  40.5%  in  the  2  larger  size 
categories.  This  parasite  contributed 
85.3%  to  the  parasite  communities  of 
northern  anchovy  collected  off  Grays 
Harbor,  and  the  high  contribution  of 
this  parasite  was  responsible  for  the 
high  similarity  among  these  northern 
anchovy  and  the  Pacific  sardine  from 
British  Columbia. 

In  contrast  to  the  Pacific  sardine 
caught  off  British  Columbia,  Pacific  sar¬ 
dine  210-219  mm  SL  and  >220  mm  SL 
caught  off  Washington  and  Oregon  and 
in  the  regions  off  California  had  parasite 
communities  dominated  by  nematodes. 
Anisakis  spp.  contributed  over  50%  to 
the  parasite  communities  in  both  size 
categories  of  large  Pacific  sardine  in  all 
regions  south  of  British  Columbia.  The 
only  exception  was  that  Pacific  sardine 
210-219  mm  SL  from  Southern  Califor¬ 
nia  were  dominated  by  the  nematode 
Hysterothylacium  sp.  (51.5%  contribu¬ 
tion)  and  the  trematode  M.  ecaude 
(48.4%  contribution). 

The  parasite  communities  from  small 
(<210  mm  SL)  Pacific  sardine  from  Wash¬ 
ington  and  Oregon  and  northern  anchovy 
collected  off  Willapa  Bay  were  also  dom¬ 
inated  by  Hysterothylacium  sp.  (44.5% 
and  62.6%  contribution,  respectively).  In 
contrast,  the  small  Pacific  sardine  col¬ 
lected  off  all  regions  of  California  were 
dominated  by  M.  ecaude.  The  one  excep¬ 
tion  was  that  Pacific  sardine  <210  mm 
SL  from  Southern  California  were  dom¬ 
inated  by  another  trematode,  P.  merus 
(63.2%  contribution).  The  high  abundance 
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of  P.  merus  in  this  size  category  made  them  cluster  with  the 
northern  anchovy  from  Southern  California,  where  P.  merus 
had  a  31.2%  contribution  to  the  parasite  community. 

Discussion 

Regional  comparisons 

The  paradigm  that  when  the  northern  stock  of  Pacific  sar¬ 
dine  is  large  and  ocean  conditions  are  favorable  all  Pacific 
sardine  >200  mm  SL,  or  some  other  length,  migrate  to 
northern  waters  and  then  all  return  to  Central  and  South¬ 
ern  California  seasonally  each  year  to  spawn  may  no  lon¬ 
ger  be  supported.  We  found  that  Pacific  sardine  were  not 
uniformly  infected  with  the  same  trophically  transmitted 
parasite  communities  throughout  the  CCS,  indicating 
that  not  all  Pacific  sardine  of  the  northern  subpopulation 
made  the  complete  round-trip  migration  during  the  years 
studied.  The  parasite  communities  of  all  size  categories  of 
Pacific  sardine  collected  off  British  Columbia  were  more 
similar  to  each  other  than  to  all  sizes  collected  from  any 
other  region.  The  correct  allocation  in  the  CAP  analysis  of 
70-80%  of  these  parasite  communities  to  British  Colum¬ 
bia  indicates  that,  during  the  years  studied,  a  large  pro¬ 
portion  of  Pacific  sardine  in  British  Columbia  remained  as 
residents,  not  returning  to  Central  or  Southern  California 
to  spawn.  Differences  among  parasite  communities  from 
the  region  off  Washington  and  Oregon  and  the  3  regions 
in  California  were  not  statistically  significant,  although 
a  north-south  trend  was  apparent  in  the  nonmetric  MDS 
plot  (Fig.  2A). 

Several  taxa  of  parasites  contributed  to  differences  in 
the  parasite  communities  among  regions  and  size  cat¬ 
egories  of  Pacific  sardine.  Among  these,  the  trematode 
L.  gibbosus  was  recovered  primarily  off  British  Colum¬ 
bia  from  all  sizes  of  Pacific  sardine  and  not  from  any 
sardines  examined  from  Central  and  Southern  Califor¬ 
nia.  In  contrast,  the  trematode  M.  ecaude  was  recovered 
in  greatest  abundances  in  small  Pacific  sardine  from 
California  regions  and  only  from  5%  of  Pacific  sardine 
collected  in  British  Columbia.  The  parasite  communi¬ 
ties  recovered  from  California  regions  also  had  higher 
abundances  of  the  nematode  Hysterothylacium  sp.  than 
those  collected  off  British  Columbia.  Distinct  distribu¬ 
tional  patterns  of  these  parasites  indicate  that  not  all 
Pacific  sardine  of  the  northern  stock  make  an  annual 
roundtrip  migration  connecting  the  terminal  regions  of 
their  habitat. 

Regional  differences  in  the  parasite  communities  of 
Pacific  sardine  are  supported  by  observed  regional  differ¬ 
ences  among  parasite  communities  of  northern  anchovy. 
This  other  small,  pelagic  species  generally  harbors  para¬ 
site  species  known  to  infect  the  Pacific  sardine  (Love  and 
Moser,  1983),  and,  as  a  non-migratory  species  (Bakun, 
1996),  northern  anchovy  should  host  parasite  species  pres¬ 
ent  in  a  local  geographical  area.  We  found  a  significant 
difference  among  the  parasite  communities  of  all  3  north¬ 
ern  anchovy  collections,  a  finding  that  agrees  with  the 


distributions  of  parasites  recovered  from  Pacific  sardine. 
The  parasite  community  of  northern  anchovy  collected 
from  Grays  Harbor  had  high  similarity  to  those  of  Pacific 
sardine  from  British  Columbia  and  supported  a  restricted 
northern  distribution  of  L.  gibbosus  in  the  CCS.  The  north¬ 
ern  anchovy  from  Southern  California  (part  of  the  central 
subpopulation  of  northern  anchovy)  had  a  higher  preva¬ 
lence  of  Hysterothylacium  sp.,  similar  to  the  Pacific  sar¬ 
dine  collected  there. 

Parasites  as  biological  tags 

Parasite  life  span  and  life  history  are  important  con¬ 
siderations  for  selecting  parasite  taxa  as  biological  tags 
(MacKenzie  and  Abaunza,  1998,  2014).  The  parasite 
communities  of  Pacific  sardine  in  this  study  included 
both  long-lived  nematodes  and  shorter-lived  trematodes. 
The  maximum  life  span  of  the  trematode  L.  gibbosus 
was  reported  to  be  1-9  months  in  pink  (Oncorhynchus 
gorbuscha)  and  chum  (O.  keta)  salmon  captured  off  cen¬ 
tral  British  Columbia  (Margolis  and  Boyce,  1969).  We 
recovered  both  mature  and  immature  L.  gibbosus  in 
Pacific  sardine  off  British  Columbia  from  March  through 
November,  but  we  recovered  none  off  Southern  Califor¬ 
nia,  not  even  among  April  samples  that  were  thought 
to  include  returns  from  British  Columbia.  The  complete 
absence  of  L.  gibbosus  in  our  samples  of  large  Pacific  sar¬ 
dine  caught  off  Southern  California  could  be  interpreted 
3  ways:  1)  our  samples  from  Southern  California  were 
not  representative  of  the  Pacific  sardine  in  the  region  at 
the  time,  2)  Pacific  sardine  did  not  return  from  British 
Columbia  to  Southern  California,  or  3)  the  life  span  of 
L.  gibbosus  is  too  short  to  be  recovered  after  a  return 
migration  south.  However,  given  that  some  of  the 
L.  gibbosus  specimens  recovered  off  British  Columbia 
in  November  were  still  immature,  their  life  span  would 
have  to  be  less  than  5-6  months  if  this  was  the  only 
reason  for  their  absence  from  Pacific  sardine  caught  in 
Southern  California  the  following  April. 

The  other  trematode  that  contributed  to  differences 
in  parasite  communities  among  regions  was  M.  ecaude. 
Unfortunately,  little  information  is  available  on  the 
distribution  and  life  history  of  this  species  in  the  CCS. 
However,  we  have  confidence  that  this  trematode  and 

L.  gibbosus  have  sufficiently  long  life  spans  to  evalu¬ 
ate  seasonal  movements  of  their  fish  hosts.  In  the  CCS, 

M.  ecaude  has  been  previously  reported  from  Pacific  sar¬ 
dine  caught  off  Baja  California,  Mexico  (Sanchez-Serrano 
and  Caceres-Martinez,  2017),  off  Southern  California 
(Montgomery,  1957;  Kunnenkeri,  1962),  and  off  south¬ 
ern  Oregon  (Jacobson  et  ah,  2012).  These  reports  and 
our  observations  of  the  high  abundance  of  this  parasite 
in  small  Pacific  sardine  in  Central  and  Southern  Cal¬ 
ifornia  compared  to  other  regions  and  size  classes  of 
Pacific  sardine  suggest  that  the  southern  region  of  the 
CCS  is  likely  the  primary  region  of  parasite  transmis¬ 
sion.  However,  the  recovery  of  M.  ecaude  from  a  small 
percentage  of  Pacific  sardine  <200  mm  SL  caught  off 
British  Columbia  (9%)  and  off  Washington  and  Oregon 
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(10%)  indicates  that  either  transmission  of  the  parasite 
occurs  on  a  small  scale  in  northern  regions  of  the  CCS 
or  a  very  small  number  of  Pacific  sardine  <200  mm  SL 
made  the  migration  north.  Moreover,  the  recovery  of 
only  7  Pacific  sardine  infected  with  both  L.  gibbosus  and 
M.  ecaude  and  of  only  3  Pacific  sardine  >200  mm  SL  in 
Northern  California  infected  with  L.  gibbosus  indicates 
that  a  complete  migration  to  and  from  British  Colum¬ 
bia,  or  even  Washington  and  Oregon,  for  all  migratory- 
size  Pacific  sardine  did  not  occur  during  the  years  of  our 
study. 

Other  parasites  recovered  from  Pacific  sardine  that 
contributed  to  differences  among  regions  include  the 
nematodes  and  the  acanthocephalan  that  are  both  long- 
lived  taxa.  For  example,  Anisakis  nematodes,  which 
mature  in  cetaceans,  accumulate  as  long-lived  larvae  in 
fish  intermediate  hosts  and  have  been  successfully  used 
as  biological  tags  for  many  fish  populations  (MacKen- 
zie,  2002;  Mattiucci  et  al.,  2008;  Mattiucci  and  Nascetti, 
2008).  In  our  study,  there  was  also  a  greater  abundance 
of  Anisakis  spp.  in  large  Pacific  sardine  recovered  off 
Central  and  Southern  California,  possibly  because  of  a 
greater  abundance  of  the  definitive  whale  hosts  in  these 
regions  of  the  CCS  (Calambokidis  and  Barlow,  2004). 
Genetic  identification  of  larval  anisakids  from  a  subset 
of  Pacific  sardine  used  in  our  study  revealed  a  panmictic 
distribution  of  3  populations  of  Anisakis  spp.,  but  these 
populations  could  not  help  inform  stock  structure  or 
migration  behavior  of  Pacific  sardine  in  the  CCS  (Bald¬ 
win  et  ah,  2011).  The  acanthocephalan  Rhadinorhyn- 
chus  trachuri,  also  longer-lived  than  the  trematodes,  is 
known  to  be  a  parasite  of  offshore  fish  species  (George- 
Nascimento,  2000;  Jacobson  et  ah,  2012).  Although  less 
commonly  recovered  than  the  nematodes,  it  was  recov¬ 
ered  more  often  from  the  large  Pacific  sardine  caught 
south  of  British  Columbia.  Its  low  abundance  in  large 
Pacific  sardine  from  British  Columbia  indicates  that 
fewer  of  these  fish  had  been  offshore  compared  with 
those  from  other  regions,  another  line  of  evidence  for  res¬ 
idency  in  waters  of  British  Columbia. 

The  spatial  distributions  of  parasites  in  marine  fish  spe¬ 
cies  have  often  reflected  large  geographical  patterns  such 
as  latitudinal  gradients  (Blaylock  et  ah,  1998;  Gonzalez 
and  Poulin,  2005;  Gonzalez  et  ah,  2006).  A  combination 
of  environmental  gradients  and  dispersal  limitation  of 
hosts  and  different  developmental  stages  of  parasites 
contribute  to  the  latitudinal  distribution  of  marine  par¬ 
asites  (Oliva  and  Gonzalez,  2005;  Gonzalez  et  ah,  2006; 
Gonzalez  et  ah,  2008;  Timi  et  ah,  2010).  For  Pacific  hal¬ 
ibut  ( Hippoglossus  stenolepis),  a  general  north-south 
cline  of  parasite  species  distributions  has  been  described 
from  the  Aleutian  Islands,  Alaska,  to  Northern  Cali¬ 
fornia  (Blaylock  et  ah,  1998).  Separate  stocks  of  Pacific 
halibut,  with  some  overlapping  migration  patterns,  were 
confirmed  by  using  their  parasite  communities,  but  one 
continuous  stock  was  identified  south  of  the  Queen  Char¬ 
lotte  Islands  of  British  Columbia  (Blaylock  et  ah,  2003). 
Similarly,  in  our  study,  the  distributional  patterns  of  par¬ 
asites  showed  high  residency  in  British  Columbia  and  an 


overlapping  migration  pattern  for  Pacific  sardine  south 
of  British  Columbia  with  a  potential  latitudinal  gradient 
(Fig.  2A). 

In  the  eyes  of  fish  collected  off  South  Africa,  where  this 
species  is  known  as  the  South  African  sardine,  Weston 
et  ah  (2015)  found  a  significant  difference  in  the  abundance 
of  a  “tetracotyle”  type  larval  trematode,  tentatively  identi¬ 
fied  as  Cardiocephaloides  sp.  (Reed  et  ah,  2012),  and  that 
difference  supports  the  existence  of  a  putative  western 
and  a  putative  southern  stock  with  some  degree  of  mixing. 
After  6  years  of  continuous  data  on  the  prevalence  of  this 
larval  trematode  from  the  west  and  south  coasts  of  South 
Africa,  de  Moor  et  ah  (2017)  fit  a  sardine  stock  assessment 
model  directly  to  parasite  prevalence-by-length  data  and 
found  that  this  inclusion  of  parasitological  data  improved 
estimates  of  annual  movement  and  mixing  between  these 
semi-discrete  stocks. 

Migration  north 

Following  the  early  tagging  studies  (Clark  and  Janssen, 
1945),  it  has  been  assumed  that  Pacific  sardine  >200  mm 
SL,  which  are  capable  of  migrating  ( Lo  et  ah ,  20 1 1 ),  migrate 
north  from  Southern  California  in  the  spring  when  ocean 
conditions  in  the  north  are  favorable.  We  found  no  signif¬ 
icant  differences  between  the  parasite  communities  of 
Pacific  sardine  <200  mm  SL  and  those  of  Pacific  sardine 
200-209  mm  SL,  indicating  that  there  is  not  a  clear  cut  off 
at  200  mm  SL  at  which  a  Pacific  sardine  will  migrate.  A 
recent  paper  by  McDaniel  et  ah  (2016)  that  included  size 
and  age  data  for  Pacific  sardine  from  British  Columbia, 
Oregon  and  Washington,  and  Central  and  Southern  Cal¬ 
ifornia  during  1981-2010  described  a  pattern  of  increas¬ 
ing  age  at  length  with  distance  from  Southern  California. 
They  concluded  that  their  results  provide  evidence  that 
the  migration  of  the  northern  subpopulation  of  the  Pacific 
sardine  to  the  northern  reaches  of  their  range  in  summer 
is  age  based,  instead  of  length  based. 

Sardine  biomass  and  length  data  from  surveys  that 
combined  data  from  acoustic  and  trawl  sampling  and 
were  conducted  in  the  spring  and  summer  of  2008 
indicate  that  most,  if  not  the  entire,  northern  stock  of 
Pacific  sardine  migrated  from  offshore  waters  of  South¬ 
ern  California  to  inshore  waters  of  the  PNW  and  Brit¬ 
ish  Columbia  (Demer  et  al.,  2012).  Unfortunately,  we 
did  not  collect  Pacific  sardine  from  British  Columbia  in 
2008,  but  our  results  from  other  years  do  not  support  the 
conclusion  that  the  entire  stock  migrates  that  far  north. 
Although  our  parasite  community  analysis  was  sugges¬ 
tive  of  a  statistically  significant  difference  only  between 
the  Washington  and  Oregon  region  and  the  Central 
California  region  for  Pacific  sardine  <210  mm  SL  (pair¬ 
wise  PERMANOVA:  P=0.06),  the  greater  abundance  of 
M.  ecaude  in  Pacific  sardine  <210  mm  SL  in  all  California 
regions  compared  with  that  of  the  Pacific  sardines  from 
Washington  and  Oregon  (Fig.  3)  indicates  that  a  propor¬ 
tion  of  Pacific  sardine  up  to  210  mm  SL  may  remain  as 
residents  in  their  natal  regions.  In  addition,  our  samples 
of  Pacific  sardine  >220  mm  SL  caught  off  Central  and 
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Southern  California  in  the  spring  had  a  greater  abun¬ 
dance  of  the  long-lived  nematodes  Hysterothylacium  sp. 
and  Anisakis  spp.  than  those  caught  off  Washington  and 
Oregon  and  British  Columbia  in  summer  and  fall.  If  the 
entire  biomass  of  large  Pacific  sardine  were  migrating 
north,  we  would  have  expected  to  see  the  same  abun¬ 
dance  of  these  long-lived  parasites  throughout  the  CCS. 

Return  migration  south 

Lo  et  al.  (2011)  estimated  different  length-specific  migra¬ 
tion  rates  in  2003-2005  between  the  PNW  and  California 
and  estimated  that  close  to  50%  of  Pacific  sardine  200- 
210  mm  SL  and  close  to  100%  of  Pacific  sardine  >220  mm 
SL  migrated  back  to  California  in  the  fall  and  winter  of 
2003  and  2004.  Similar  to  our  conclusions,  they  questioned 
whether  fish  <200  mm  SL  remained  as  residents  in  the 
PNW  because  they  had  only  weak  evidence  that  some  of 
these  small  fish  returned  to  California.  They  concluded 
that  not  all  Pacific  sardine  migrate  and  that  some  stay  in 
the  PNW  and  California  (their  study  did  not  include  Brit¬ 
ish  Columbia).  Our  results  indicate  that  a  high  proportion 
of  Pacific  sardine  of  all  size  classes  remained  in  waters  of 
Canada  during  the  period  of  our  study  and  that  waters 
off  Washington  and  Oregon  could  be  an  area  of  mixing 
between  regions  for  large  Pacific  sardine  but  could  also 
support  local  recruitment. 

In  the  McDaniel  et  al.  (2016)  study,  Pacific  sardine 

from  British  Columbia  and  from  Oregon  and  Washing¬ 
ton  collected  from  July  through  December  were  older 
than  those  from  Central  and  Southern  California.  They 
did  not  have  data  from  January  through  March,  and  age 
and  length  data  from  April  through  June  were  presented 
only  for  California  catches,  but  the  ages  of  the  largest 
and  oldest  Pacific  sardine  from  California  at  all  seasons 
were  still  younger  than  those  from  Oregon  and  Wash¬ 
ington  and  from  British  Columbia.  Although  they  state 
that  their  work  assumed  a  single  migrating  population 
and  that  subpopulation  structure  could  compromise  their 
results  of  an  age-based  migration,  they  do  not  account 
for  the  difference  in  maximum  ages  between  locations 
except  for  the  unlikelihood  of  gear  selectivity  or  different 
aging  techniques.  Our  results  indicate  not  only  that  they 
could  indeed  have  documented  age-based  migration  but 
also  that  their  results  could  additionally  reveal  residency 
of  fish  in  northern  regions  of  the  CCS,  in  contrast  to  the 
notion  of  a  single  migrating  population.  Similarly,  Dorval 
et  al.  (2015)  reported  a  reduction  in  the  size  distribution 
of  Pacific  sardine  caught  off  California  during  2005-2010 
compared  with  that  in  1996-2004.  The  larger  size  classes 
(250  and  260  mm  SL)  present  in  the  survey  conducted 
in  spring  2004  off  California  were  not  recorded  again 
during  the  2005-2010  survey  (Dorval  et  al.,  2015).  They 
speculated  that  Pacific  sardine  >250  mm  SL  that  did  not 
return  after  a  northern  migration  either  remained  in  the 
north  or  were  removed  by  fishing.  These  observations 
are  not  the  first  to  suggest  overwintering  of  Pacific  sar¬ 
dine  in  northern  regions  of  the  CCS,  as  spawning  had 
previously  been  reported  in  1998  and  2004  in  waters  of 


Canada  (McFarlane  et  al.,  2005)  and  during  1994-1998 
and  2003-2004  in  the  PNW  (Bentley  et  al.,  1996;  Emmett 
et  al.,  2004). 

Management  implications 

Migration  rates  (the  percentages  of  the  population  mov¬ 
ing  into  other  regions)  are  an  important  factor  for  man¬ 
aging  transboundary  fish  stocks  like  the  northern  stock 
of  Pacific  sardine.  Schweigert  et  al.5  estimated  annual 
migration  rates  to  British  Columbia  on  the  basis  of  dif¬ 
ferences  in  biomass  of  Pacific  sardine  caught  during  sur¬ 
veys  conducted  off  the  west  coast  of  Vancouver  Island  and 
the  total  biomass  estimate  for  the  coast-wide  population 
as  presented  by  Hill  et  al.6  in  the  annual  U.S.  sardine 
assessment.  During  the  years  of  our  study,  Schweigert 
et  al.5  estimated  an  average  migration  rate  of  27.2%  in 
2006  and  34.7%  in  2008.  Their  survey  was  not  conducted 
in  2007,  and  in  2005  it  was  an  incomplete  survey  from 
which  they  estimated  a  13.2%  annual  migration  rate. 
The  significant  differences  among  parasite  communities 
of  Pacific  sardine  from  British  Columbia  and  of  those 
from  all  other  regions  indicate  that  the  relatively  large 
biomass  (>200,000  metric  tons,  Schweigert  et  al.5)  found 
off  the  coast  of  Vancouver  Island  in  those  years  consisted 
of  a  large  proportion  of  Pacific  sardine  that  remained  as 
residents  of  British  Columbia  waters  as  well  as  migrants 
from  the  southern  regions. 

The  examination  of  allozymes  among  Pacific  sar¬ 
dine  from  regions  of  Mexico  and  California  (Hedgecock 
et  al.,  1989)  and  of  mitochondrial  DNA  throughout  the 
CCS  (Lecomte  et  al.,  2004)  and  among  Mexican  regions 
(Garcfa-Rodrlguez  et  al.,  2011)  provides  evidence  for  no 
genetic  stock  structure  in  the  CCS.  However,  although 
Lecomte  et  al.  (2004)  state  that  their  mitochondrial  DNA 
data  support  a  basin  modal  for  the  Pacific  sardine  in  which 
a  species  distribution  contracts  to  a  central  optimal  range 
during  population  crashes,  they  also  state  that  on  shorter 
time  scales  local  recruitment  may  dominate.  At  this  time, 
our  parasite  data  from  Pacific  sardine  cannot  provide  quan¬ 
titative  information  on  migration  rates,  nor  do  they  indi¬ 
cate  distinct  stock  structure,  but  they  do  elucidate  patterns 
of  migration,  residency,  and  periodic  local  recruitment  and 
indicate  that  a  greater  variability  in  annual  migratory 
behavior  of  Pacific  sardine  should  be  considered.  A  holis¬ 
tic  inclusion  of  multidisciplinary  approaches  and  tech¬ 
niques  (as  reviewed  in  Baldwin  et  al.,  2012;  Catalano  et  al., 
2014;  Pita  et  al.,  2016)  that  advances  our  understanding 
of  economically  and  ecologically  important  species  should 
improve  management  of  Pacific  sardine,  even  in  the 


5  Schweigert,  J.,  G.  McFarlane,  and  V.  Hodes.  2010.  Pacific  sar¬ 
dine  ( Sardinops  sagax)  biomass  and  migration  rates  in  British 
Columbia.  Dep.  Fish.  Oceans,  Can.  Sci.  Advis.  Seer.  Res.  Doc. 
2009/088, 13  p.  [Available  from  website.] 

6  Hill,  K.  T.,  E.  Dorval,  N.  C.  H.  Lo,  B.  J.  Macewicz,  C.  Show,  and 
R.  Felix-Uraga.  2008.  Assessment  of  the  Pacific  sardine  resource 
in  2008  for  U.S.  management  in  2009, 147  p.  Agenda  item  G.2.b., 
Suppl.  attach.  1.  Pacific  Fish.  Manage.  Counc.,  Portland,  OR. 
[Available  from  website.] 
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absence  of  genetically  distinct  stock  isolation.  Examination 
of  multiple  biological  metrics  of  Pacific  sardine  with  testing 
of  habitat  prediction  models  should  help  elucidate  migra¬ 
tion  patterns  and  improve  estimates  of  migration.  A  new 
perspective  of  greater  interannual  and  seasonal  variability 
in  behavior  of  Pacific  sardine  will  also  likely  benefit  future 
research  efforts  and  fisheries  management. 
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Abstract—Ventless  lobster  traps  are 
now  widely  used  to  assess  the  abun¬ 
dance  of  American  lobsters  ( Homarus 
americanus).  However,  catch  in  vent¬ 
less  traps  plateaus  after  24  h  (trap 
saturation),  possibly  influencing  abun¬ 
dance  estimates.  This  study  addressed 
3  mechanisms  that  may  cause  vent¬ 
less  trap  saturation:  1)  traps  retain  so 
many  lobsters  that,  over  time,  fewer 
lobsters  are  available  to  catch;  2)  as 
lobsters  accumulate  in  traps,  they 
inhibit  entry  of  additional  lobsters  and; 
3)  bait  quality  deteriorates  over  time 
and  loses  its  attractiveness.  We  found 
that  1)  the  number  of  lobsters  in  the 
vicinity  of  traps  did  not  change  after 
a  24-h  soak;  2)  stocking  traps  with 
lobsters  before  deployment  lowered 
subsequent  catch,  while  removing  the 
lobsters  captured  after  24  h  led  to  an 
increase  in  catch  after  48  h;  3)  when 
fresh  bait  was  added  to  traps  that  had 
been  fished  for  24  h,  entry  rate  imme¬ 
diately  increased;  4)  if  “old”  bait  was 
used,  catch  after  24  h  was  less  than 
in  traps  fished  with  fresh  bait;  and  5) 
amino  acid  attractants  in  bait  declined 
after  the  first  6-24  h.  Thus,  ventless 
traps  appear  to  saturate  due  to  a  com¬ 
bination  of  loss  of  bait  attractiveness 
and  the  interactions  between  lobsters 
as  they  accumulate  in  traps. 
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The  American  lobster  ( Homarus  amer¬ 
icanus)  represents  one  of  the  most 
lucrative  fisheries  in  the  United  States 
and  Canada,  and,  therefore,  effec¬ 
tive  management  is  imperative.  This 
requires  accurate  monitoring  of  the 
abundance  of  lobsters,  of  all  sizes  and 
sexes,  so  that  declines  and  distribution 
shifts,  such  as  the  changes  that  have 
recently  occurred  in  Southern  New 
England  (ASMFC1),  can  be  detected 
and  management  options  can  be  con¬ 
sidered.  However,  one  of  the  challenges 
inherent  in  using  the  standard  traps 


1  ASMFC  (Atlantic  States  Marine  Fisheries 

Commission).  2010.  Recruitment  failure  in 

the  Southern  New  England  lobster  stock, 

30  p.  [Available  from  website.] 


employed  by  the  industry  to  assess 
resident  lobster  populations  is  that 
they  are  designed  to  capture  the  larger 
adults;  thus,  many  of  the  animals  that 
enter  them  ultimately  escape,  espe¬ 
cially  those  that  are  sublegal  (Jury 
et  ah,  2001;  Barber  and  Cobb,  2009; 
Boutson  et  al.,  2009;  Weiss,  2010;  Stur¬ 
divant  and  Clark,  2011;  Broadhurst, 
et  ah,  2014). 

To  address  this  problem,  and  improve 
the  quality  of  the  data  used  for  stock 
assessments,  in  2006  the  coast-wide 
ventless  trap  survey  was  initiated 
(see  ASMFC,  2015,  for  details).  Vent¬ 
less  traps  retain  most  of  the  sublegal 
lobsters  that  would  otherwise  escape 
because  the  escape  vents  that  are  typ¬ 
ically  present  in  standard  (vented) 
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traps  are  covered  or  disabled.  As  a  result,  the  number  of 
lobsters  captured  per  unit  of  time  by  these  traps  can  be 
significantly  greater  than  standard  traps,  and  the  size 
distribution  more  accurately  represents  the  population 
on  the  seafloor  (Courchene  and  Stokesbury,  2011).  This 
leads  to  a  better  relationship  between  catch  in  ventless 
traps  and  the  density  of  lobsters  on  the  bottom  than  with 
standard,  vented  traps  (Watson  and  Jury,  2013).  Neverthe¬ 
less,  we  recently  demonstrated  that  the  catch  in  ventless 
traps  reaches  a  plateau,  or  “saturates,”  after  soak  times 
of  <24  h,  even  though  survey  soak  times  are  typically 
>3  days  (Clark  et  al.,  2015).  This  could  influence  estimates 
of  lobster  abundance,  especially  in  areas  where  the  den¬ 
sity  is  high.  In  their  2015  report,  in  recognition  of  this 
concern,  the  Atlantic  States  Marine  Fisheries  Commission 
(AS MFC)  stated  that  it  was  a  high  priority  to  conduct  fur¬ 
ther  research  to  help  “calibrate”  the  relationship  between 
ventless  trap  catch  and  the  density  of  lobsters  on  the  bot¬ 
tom  because  “ventless  traps  may  be  limited  in  their  ability 
to  differentiate  between  moderately  high  and  extremely 
high  abundance”  (ASMFC,  2015). 

Trap  saturation,  defined  by  Miller  (1979)  as  a  decrease 
in  catch  rate  with  increasing  numbers  of  lobsters  in  a  trap, 
is  a  common  phenomenon  for  many  types  of  traps  used 
in  a  variety  of  fish  and  crustacean  fisheries  (Miller,  1990; 
Fogarty  and  Addison,  1997;  Stoner,  2004;  Hedgarde  et  al., 
2018).  In  one  of  the  first  studies  addressing  this  phenom¬ 
enon,  the  “saturation  effect”  was  observed  in  squirrelfish 
(. Holocentrus  adscensionis)  and  sablefish  (Anoplopoma 
fimbria)  pots,  and  it  appeared  to  be  due  to  a  decrease 
in  entry  rate  as  soak  time  increased  (High  and  Beards¬ 
ley,  1970).  In  1985,  Auster  demonstrated  the  asymptotic 
nature  of  catch  of  American  lobsters  in  standard  traps 
over  6-7-day  soaks.  In  1996,  Miller  and  Rodger  reported 
that  standard  lobster  traps  saturated  within  12  h  of  being 
deployed.  Furthermore,  Fogarty  and  Addison  (1997)  mod¬ 
eled  the  effects  of  multiple  variables  on  standard  trap 
saturation  and  these  models,  which  included  variables 
associated  with  entry  rate,  escape  rate,  and  changes  in 
these  variables  over  time,  yielded  data  that  compared 
favorably  with  Auster’s  (1985)  data.  More  recently,  using  a 
trap-mounted  time-lapse  video  system,  we  demonstrated 
that  ventless  traps  saturate  in  <24  h  because  they  reach 
a  dynamic  equilibrium  where  entry  and  escape  rates  are 
equivalent  (Clark  et  al.,  2018).  Because  the  escape  rate  is 
low  in  ventless  traps,  variability  in  entry  rate  is  likely  a 
key  factor  that  leads  to  trap  saturation. 

Mechanisms  that  might  be  responsible  for  ventless  lob¬ 
ster  trap  saturation,  or  a  plateau  in  catch  after  a  certain 
period  of  time,  include  1)  deterioration  of  the  bait  and/or  a 
decrease  in  its  attractiveness;  2)  removal/capture  of  most  of 
the  animals  in  the  area  fished;  and  3)  interactions  between 
lobsters  in,  and  around,  the  trap.  The  distance  of  bait  attrac¬ 
tion  for  lobsters  to  standard  traps  has  been  previously 
estimated  as  approximately  11  m  from  the  odorant  source 
(Watson  et  al,  2009),  and  we  expect  that  ventless  traps  fish 
similarly  in  terms  of  bait  attraction.  While  the  fishable  area 
of  a  trap  will  depend  upon  habitat  conditions  (e.g.,  current, 
temperature,  bottom  type),  lobsters  that  are  already  in,  or 


move  into,  the  area  of  bait  attraction  will  likely  to  be  drawn 
to  the  trap.  However,  as  bait  is  removed  by  the  feeding  activ¬ 
ity  of  lobsters  and  other  species,  it  may  deteriorate  and  this 
will  lead,  in  part,  to  a  decline  in  the  release  of  amino  acids 
(and  other  potential  attractants)  from  the  bait  over  time 
(Maekie  et  al.,  1980;  Lpkkeborg,  1990;  Kamio  and  Derby, 
2017).  Moreover,  as  bait  quality  deteriorates,  the  catch  rate 
of  lobsters  is  also  expected  to  decline  because  the  area  of 
attraction  will  be  reduced,  fewer  lobsters  will  be  attracted 
to  the  trap,  and  entry  rate  will  decrease. 

Although  loss  of  bait  attractiveness  is  a  likely  factor 
affecting  trap  saturation  in  both  standard  and  ventless 
traps,  it  is  possible  that,  at  least  for  venfless  traps,  cap¬ 
ture  and  retention  of  many  of  the  lobsters  in  the  effec¬ 
tive  fishing  area  (EFA)  (Miller,  1975)  is  another  factor. 
Some  of  the  single-parlor  ventless  traps  fished  by  the 
Massachusetts  Division  of  Marine  Fisheries  have  been 
shown  to  retain  up  to  50  lobsters  (MABMF2).  Therefore, ' 
depending  on  the  initial  density  of  lobsters  on  the  bottom, 
after  a  24-h  soak  most  of  the  lobsters  within  the  fishing 
area  of  the  trap  might  be  retained  in  the  trap,  and  so 
there  would  be  few  lobsters  remaining  in  the  vicinity 
that  could  be  captured.  As  a  result,  approach  and  entry 
rates  would  be  reduced,  catch  rate  would  plateau,  and 
traps  would  become  “saturated.” 

Standard  and  ventless  trap  saturation  is  also  likely  a 
function  of  behavioral  interactions,  with  animals  in  the  trap 
inhibiting  the  entry  of  subsequent  animals,  as  Barber  and 
Cobb  (2009)  demonstrated  with  Dungeness  crabs  ( Cancer 
magister).  Similar  interactions  have  been  observed  in  and 
around  American  lobster  traps  (Richards  et  al.,  1983;  Jury 
et  al.,  2001;  Watson  and  Jury,  2013),  blue  crab  ( Callinectes 
sapidus )  traps  (Sturdivant  and  Clark,  2011),  and  cod  pots 
(Anders  et  al.,  2017).  It  has  been  proposed  that,  as  traps 
fill,  these  antagonistic  interactions  increase,  reducing  the 
further  entry  of  lobsters  and  increasing  the  likelihood  that 
lobsters  will  escape.  This  phenomenon  might  be  even  more 
pronounced  for  ventless  traps,  given  their  overall  greater 
tendency  to  rapidly  fill  with  lobsters. 

The  overall  goal  of  this  study  was  to  test  3  possible  mech¬ 
anisms  underlying  saturation  of  ventless  lobster  traps: 
1)  so  many  of  the  lobsters  in  the  fishable  area  of  a  trap  get 
captured  after  24  h  that  entry  and  exit  rates  equalize  and 
subsequent  catch  plateaus;  2)  catch  levels  off  because  the 
bait  loses  its  attractiveness;  and  3)  the  presence  of  lobsters 
in  the  trap  inhibits  the  entry  of  additional  lobsters. 

Materials  and  methods 

Overview 

We  conducted  the  following  4  types  of  experiments  to  test 
the  hypotheses  stated  above:  1)  quantifying  the  number 
of  lobsters  in  the  vicinity  of  ventless  lobster  traps  before, 


2  MABMF  (Massachusetts  Division  of  Marine  Fisheries).  2017. 
Unpubl.  data.  Mass.  Div.  Mar.  Fish.,  251  Causeway  St.,  Ste.  400, 
Boston,  MA  02114.] 
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and  after,  a  soak  time  of  24  h  to  determine  if  ventless  traps 
captured  enough  lobsters  to  reduce  the  local  population, 
resulting  in  fewer  entries  on  the  second  day  of  fishing; 
2)  either  pre-stocking  ventless  traps  with  lobsters  before 
deploying  them,  or  removing  the  lobsters  captured  after 
the  first  24  h,  to  determine  if  lobsters  in  a  ventless  trap 
reduce  the  rate  of  entry  of  additional  lobsters;  3)  fish¬ 
ing  ventless  traps  with  new  bait,  versus  1 -day-old  “pre¬ 
soaked”  bait,  to  determine  if  bait  loses  attractiveness  after 
24  h;  and  4)  measuring  the  rate  of  leaching  of  putative 
lobster  attractants  from  bait  to  determine  if  this  might 
explain  the  reduced  entry  of  lobsters  into  traps  after  24  h 
of  fishing.  Some  of  these  experiments  involved  deploying 
traps  for  24  h,  and  in  others  we  soaked  traps  for  48  h.  The 
methods  below,  and  the  results,  are  organized  according  to 
both  the  type  and  duration  of  each  experiment. 

Study  area 

All  of  the  experiments  were  carried  out  just  off  Wallis 
Sands  State  Beach  in  New  Hampshire  at  depths  of  7-12  m. 
This  location  was  chosen  based  upon  previous,  comparable 
studies  of  lobster  trap  dynamics  that  also  occurred  at  this 
site  (Jury  et  al.,  2001;  Watson  and  Jury,  2013;  Clark  et  al., 
2015,  2018).  Furthermore,  the  bottom  substrate  in  this 
location  is  mostly  sand,  which  makes  it  easier  to  conduct 
replicated,  large-scale,  transect  surveys  without  having  to 
disturb  either  the  habitat  or  the  lobsters.  This  habitat  type 
also  facilitates  analysis  of  time-lapse  videos  of  lobsters  in 
and  around  traps.  Finally,  most  commercial  lobstermen 
do  not  fish  in  this  area,  so  there  was  less  chance  of  traps 
that  were  not  part  of  our  experiment  being  unexpectedly 
deployed  and  influencing  the  results. 

Most  of  the  lobsters  captured  at  this  site  were  below 
the  minimum  legal  size  limit  (83  mm  in  carapace  length 
[CL]),  with  an  average  CL  of  64.6  mm  (standard  devi¬ 
ation  [SD]  10.3;  range:  34-117  mm;  n=3005;  see  Clark 
et  al.,  2015,  for  the  size-frequency  distribution  of  lobsters 
captured  by  ventless  traps  and  observed  during  scuba 
surveys  at  this  same  study  site).  In  the  12-week  period 
(mid-July-early  October,  2013)  during  which  we  con¬ 
ducted  this  study,  the  catch  per  unit  of  effort  remained 
relatively  consistent  (Fig.  1). 

Traps 

All  of  the  traps  used  in  this  study  were  identical  to  the 
single-parlor  ventless  traps  used  by  the  Massachusetts 
Division  of  Marine  Fisheries  and  the  New  Hampshire 
Fish  and  Game  Department  for  their  ventless  trap  stock 
assessment  surveys,  and  they  were  deployed  in  the  same 
manner  as  during  their  surveys  (for  details,  see  Clark 
et  al.,  2015).  Typically,  we  used  single-parlor  traps  that 
were  set  ~30  m  apart,  baited  with  3-4  newly  thawed 
Atlantic  herring  ( Clupea  harengus)  (with  a  combined 
weight  of  approximately  1  kg),  unless  otherwise  stated. 
For  a  subset  of  experiments,  we  used  a  ventless  trap 
equipped  with  a  lobster  trap  video  (LTV)  system  (see  Jury 
et  al.,  2001;  Clark  et  al.,  2015,  2018)  to  observe  lobster 
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Figure  1 

Mean  catch  per  unit  of  effort  of  American  lobsters 
(Homarus  americanus )  in  ventless  traps  deployed  off  Wal¬ 
lis  Sands  State  Beach  in  New  Hampshire  for  a  12-week 
period  in  2013  (15  July-9  October).  All  data  presented  are 
based  on  48-h  soak  times  (n=  12,  with  8-13  traps  deployed 
per  week).  Error  bars  denote  standard  errors  of  the  mean. 


behaviors  in  and  around  traps  over  the  course  of  the  soak 
period.  The  LTV  system  in  these  experiments  consisted 
of  a  time-lapse  digital  video  camera  and  recorder  (Brinno 
BCC2003,  Brinno,  Inc.,  Taipei  City,  Taiwan)  secured  inside 
an  Ikelite  clear  plexiglass  case  (Ikelite,  Indianapolis,  IN) 
that  was  mounted  above  the  trap  on  a  PVC  frame.  Video 
frames  were  captured  every  5  s,  and  video  recordings  were 
played  back  at  15  frames/s  during  analysis.  The  videos 
were  taken  only  during  the  daylight  hours  of  a  typical 
48-h  soak  because  no  supplemental  light  source  was  used 
in  order  to  avoid  the  potential  influence  of  artificial  lights 
on  lobster  behavior. 

Density  of  lobsters  around  traps  before  and  after  a  24-h  soak 

This  experiment  was  designed  to  determine  if  ventless 
traps  temporarily  reduce  the  number  of  American  lob¬ 
sters  in  the  vicinity  of  a  trap  after  deployment  for  24  h. 
On  day  1  of  the  experiment,  a  single  trap  without  bait 
was  deployed,  and  then  a  pair  of  scuba  divers  conducted 
a  transect  survey  of  lobster  abundance  around  the  trap 
as  described  below.  During  each  survey,  divers  swam  4 
transects  of  30  m  each,  extending  out  from  the  trap  in  the 
4  cardinal  directions.  This  distance  was  chosen  because 
the  fishable  area  of  a  trap  is  an  estimated  2600  m2,  or 
a  circle  with  a  radius  of  28.8  m,  based  upon  data  from  a 
study  by  Watson  et  al.  (2009).  The  width  of  each  transect 
was  typically  2-4  m,  depending  on  visibility,  yielding  a  sur¬ 
vey  area  of  240-480  m2  for  each  experiment.  Immediately 
after  completing  the  survey,  the  divers  opened  a  water¬ 
tight  container  of  bait  and  placed  it  in  a  previously  empty 
bait  bag,  in  the  trap.  Lobsters  were  not  handled  during 


3  The  mention  of  trade  names  or  commercial  companies  is  for 
identification  purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NQAA. 
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the  surveys  conducted  on  day  1  because  handling  often 
leads  to  an  escape  response  or  other  aberrant  behavior, 
which  might  have  caused  them  to  leave  the  area  (senior 
author,  personal  observ.).  After  the  trap  had  been  deployed 
for  24  h,  the  dive  survey  described  above  was  repeated 
to  determine  if  the  density  of  lobsters  around  the  trap 
had  changed.  This  experiment  was  repeated  on  5  differ¬ 
ent  occasions.  A  Wilcoxon  matched-pairs  signed  rank  test 
(n= 5)  was  used  to  compare  the  density  of  lobsters  present 
before  and  after  the  trap  had  soaked  for  24  h. 

Influence  of  lobsters  in  a  trap  on  the  entry 
of  additional  lobsters 

American  lobsters  in  a  ventless  trap  may  deter  the  entry  of 
additional  lobsters  and  thus  reduce  the  rate  of  entry,  lead¬ 
ing  to  a  plateau  in  catch  (trap  saturation).  We  conducted 
experiments  with  soak  times  of  24  h  and  48  h  to  test  this 
hypothesis  and  we  both  added  lobsters  to  a  trap  (pre¬ 
stocked)  and  removed  lobsters  that  were  captured  after 
24  h  from  a  trap,  before  redeploying  it  for  another  24  h. 

Pre-stocking  experiment  with  24-h  soak  Between  1  August 
2013  and  2  October  2013,  6  different  ventless  traps  were 
pre-stocked  with  all  of  the  lobsters  that  were  caught  from 
6  other  ventless  traps  that  had  been  deployed  for  24  h.  The 
number  of  lobsters  used  for  pre-stocking  was  a  function 
of  the  number  of  lobsters  initially  captured;  lobsters  were 
transferred  directly  from  one  ventless  trap  to  another. 
The  average  number  of  lobsters  used  to  pre-stock  traps 
was  28.6  (SD  4.2;  range:  21-33).  Importantly,  these  lob¬ 
sters  had  a  size-frequency  distribution  that  was  typical 
for  lobsters  captured  by  ventless  traps  in  this  location. 
The  lobsters  used  for  pre-stocking  were  also  marked,  with 
a  coded  rubber  band  placed  on  the  carpus  of  each  of  their 
claws  (i.e.,  “knuckles”),  so  that  they  could  be  differentiated 
from  any  subsequently  captured  lobsters.  We  confirmed 
that  the  tags  remained  on  lobsters  for  at  least  1  week  in  a 
separate  study  conducted  at  the  University  of  New  Hamp¬ 
shire  (UNH)  Coastal  Marine  Laboratory  (New  Castle,  New 
Hampshire).  Pre-stocked  ventless  traps  were  provided 
with  fresh  bait  and  deployed  in  locations  at  least  0.5  km 
away  from  where  the  traps  used  to  capture  the  lobsters  for 
pre-stocking  were  fished,  but  in  the  same  general  fishing 
area.  The  pre-stocked  ventless  traps  were  then  deployed 
for  24  h  and  catch  was  compared  to  the  catch  in  the  vent¬ 
less  traps  that  were  initially  used  to  capture  the  lobsters 
used  for  pre-stocking.  The  Mann- Whitney  U  test  was  used 
for  this  comparison,  as  well  as  for  subsequent  analyses 
when  catch  was  compared  between  2  groups  of  traps. 

Trap  emptying  experiment  with  48-h  soak  In  this  study, 
which  was  conducted  between  1  August  2013  and  9  Octo¬ 
ber  2013,  ventless  traps  (n=9)  were  deployed  for  24  h  and 
then  hauled.  All  captured  lobsters  were  removed,  but  the 
used  bait  in  each  trap  was  retained.  The  lobsters  were 
then  released  >0.5  km  from  where  they  were  captured 
to  minimize  the  chance  of  subsequent  recapture.  These 
traps,  emptied  of  lobsters,  were  redeployed  with  the  same 


1-day-old  bait  for  an  additional  24-h  soak.  The  catch  from 
the  initial  24-h  deployment  with  fresh  bait  was  com¬ 
pared  with  catch  during  the  second  24-h  soak  of  the  same 
trap  with  the  1 -day-old  bait.  The  net  catch  for  the  entire 
soak  time  of  48  h,  or  the  sum  of  the  animals  captured  on 
day  1,  plus  those  captured  on  the  day  2,  was  also  com¬ 
pared  with  catch  from  control  ventless  traps  (n=27)  that 
were  deployed  continuously  for  48  h  during  the  same  time 
period,  within  the  same  study  area. 

Loss  of  bait  attractiveness 

Studies  testing  the  hypothesis  that  bait  loses  at  least  some 
of  its  attractiveness  over  a  soak  were  also  conducted  with 
traps  deployed  for  both  24  h  and  48  h. 

Bait  experiment  1:  24-h-old  versus  fresh  bait  Traps  {n= 33) 
were  deployed  for  24  h  and  then  the  used  bait  was  removed 
and  placed  into  different  ventless  traps.  These  traps  were 
then  then  redeployed  with  the  1-day-old  bait  in  a  differ¬ 
ent  location,  >0.5  km  away,  but  in  the  same  general  study 
area.  Catch  in  the  original  traps,  fished  with  fresh  bait  for 
24  h,  was  compared  with  catch  in  the  traps  fished  with 
1-day-old  bait  for  24  h. 

Bait  experiment  2:  48-h  soak  with  rebait  Ventless  traps 
(n= 27)  were  deployed  for  24  h  and  hauled,  the  used  bait 
was  removed,  and  then  the  traps  were  rebaited  with  the 
same  amount  of  fresh  bait.  Lobsters  in  each  trap  were 
counted  but  not  removed  from  the  trap,  and  the  traps 
were  redeployed  and  fished  for  another  24  h.  In  a  supple¬ 
mentary  experiment  using  a  ventless  trap  equipped  with 
a  LTV  system  (n= 7),  the  fresh  bait  was  added  by  scuba 
divers  after  a  soak  of  24  h  so  that  video  recordings  would 
not  be  interrupted  by  hauling  of  the  trap  and  any  lobsters 
retained  by  the  trap  up  to  this  point  would  not  be  star¬ 
tled,  potentially  influencing  their  behavior.  After  an  addi¬ 
tional  24-h  soak  with  the  new  bait  (48-h  total  soak  time), 
the  trap  was  hauled  and  the  captured  lobsters  quantified. 
The  catch  for  the  traps  that  received  fresh  bait  (/?.= 27)  was 
compared  to  the  catch  in  control  ventless  traps  (n=34)  that 
were  continuously  deployed  with  the  same  bait  for  48  h,  in 
the  same  general  area  and  during  the  same  time  period. 

We  also  used  data  from  the  7  trials  with  the  LTV  sys¬ 
tem,  described  above,  to  quantify  the  number  of  lobsters 
that  entered  and  escaped  from  traps  during  experiments 
in  which  scuba  divers  added  fresh  bait.  In  addition,  the 
videos  obtained  allowed  us  to  determine  the  total  number 
of  lobsters  in  the  trap  each  hour  (i.e.,  accumulated  catch), 
so  that  the  time  course  of  saturation  could  be  plotted. 

Bait  experiment  3:  leaching  of  amino  acids  This  experiment 
was  conducted  to  determine  the  relative  rate  at  which 
amino  acids  leached  out  of  bait  over  24  h.  Salted  Atlan¬ 
tic  herring  (4  samples,  each  with  a  wet  weight  of  150  g) 
were  put  in  individual  bait  bags,  which  were  then  placed 
into  1-L  beakers  containing  clean  artificial  seawater  with 
a  practical  salinity  of  32  (Crystal  Sea  Marinemix,  Marine 
Enterprises  International,  LLC,  Baltimore,  MD)  and  gently 
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mixed  for  1  h  on  a  shaker  table  in  a  temperature-controlled 
bath  (20°C).  The  soaked  bait  and  particulates  were  then 
allowed  to  settle  for  15  min,  and  duplicate  15-mL  aliquots 
of  the  supernatant  were  removed  and  frozen  at  -20°C  for 
future  analyses.  The  bait  remaining  after  this  1-h  period 
was  weighed  and  then  placed  inside  a  bait  bag  and  trans¬ 
ferred  to  a  ventless  lobster  trap  that  had  the  entries  cov¬ 
ered  to  minimize  possible  feeding  on  the  bait  by  lobsters 
or  other  organisms  too  large  to  fit  through  the  trap  mesh. 
These  traps  were  deployed  in  the  field  in  Casco  Bay,  Maine 
(15°C,  salinity  of  32),  for  periods  of  3,  6,  and  24  h,  and  then 
the  bait  from  each  trap  was  weighed.  After  each  time  inter¬ 
val  of  soaking  in  the  field,  each  bait  bag  with  remaining 
bait  was  placed  into  1  L  of  temperature-controlled,  clean 
artificial  seawater  and  shaken  in  the  lab  for  another  hour, 
after  which  duplicate  leachate  aliquots  were  removed  and 
frozen.  Thus,  for  each  of  the  4  bait  samples  tested,  we  had 
the  wet  weight  of  the  bait  and  a  leachate  sample  for  4  time 
periods:  0-1  h,  3-4  h,  6-7  h,  and  24-25  h.  For  amino  acid 
analyses,  leachate  samples  were  sent  to  SGS  Analytical 
Services  (Brookings,  SD)  for  standard  analyses  via  liquid 
chromatography-mass  spectrometry. 


it  appears  that  the  reduction  in  the  number  of  lobsters  in 
the  EFA  of  a  trap,  due  to  their  accumulation  in  a  ventless 
trap,  is  probably  not  a  primary  cause  of  trap  saturation. 

Influence  of  lobsters  in  a  trap  on  the  entry 
of  additional  lobsters 

Catch  in  pre-stocked  traps  versus  control  traps  deployed  for  24  h 
Pre-stocked  traps  captured  significantly  fewer  additional 
lobsters  than  traps  that  were  not  pre-stocked  (Fig.  3; 
Mann-Whitney  U  test:  P=0.002).  An  average  of  12.2  new 
lobsters  entered  the  pre-stocked  traps  in  24  h,  while  7.8  of 
the  marked  lobsters  used  for  pre-stocking  escaped,  yielding 
a  net  increase  in  catch  of  only  4.4  lobsters  (SD  3.7).  This 
indicates  that  lobsters  in  ventless  traps  influence  the  sub¬ 
sequent  entry  of  additional  lobsters,  as  has  been  observed 
for  standard  traps  (Jury  et  al.,  2001).  When  taken  together 
with  the  fact  that  a  number  of  the  pre-stocked  lobsters 
escaped,  it  appears  as  if,  at  some  point  during  a  soak,  as 
traps  fill,  a  dynamic  equilibrium  between  entries  and 
escapes  is  reached,  which  plays  an  important  role  in  caus¬ 
ing  catch  to  plateau,  or  saturate,  in  ventless  traps. 


Results 

Density  of  lobsters  around  traps  before  and  after  a  24-h  soak 

There  was  no  significant  difference  between  the  density  of 
lobsters  in  the  vicinity  of  ventless  traps  before  and  after  a 
soak  of  24  h  (Fig.  2;  2-tailed  Wilcoxon  test:  n- 5,  P=0.125). 
Even  when  the  density  of  lobsters  determined  by  scuba 
surveys  was  at  its  highest,  there  were  more  lobsters 
around  the  trap  after  24  h  than  just  after  the  trap  was  set. 
Therefore,  with  the  possible  exception  of  times  of  the  year 
when,  or  locations  where,  densities  of  lobsters  are  very  low, 
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Figure  2 

The  abundance  of  American  lobsters  ( Homarus  ameri- 
canus)  in  the  vicinity  of  a  trap  prior  to,  and  after,  a  soak  of 
24  h.  Traps  were  deployed  in  2013  off  Wallis  Sands  State 
Beach  in  New  Hampshire.  There  was  no  significant  differ¬ 
ence  (n- 5,  P=0.125)  in  the  density  of  lobsters  before,  and 
after,  a  trap  had  been  deployed  for  24  h.  Therefore,  traps 
did  not  reduce  the  number  of  lobsters  in  the  area  sur¬ 
rounding  the  traps  significantly  enough  to  influence  catch 
on  day  2  of  a  48-h  soak.  Gray  bars  represent  day  1,  and 
black  bars  represent  day  2. 


Removal  of  captured  lobsters  after  24  h  of  a  soak  influences 
catch  after  48  h  Traps  (n=9)  deployed  for  24  h  captured  an 
average  of  25.7  lobsters  (SD  6.1).  After  these  lobsters  were 
removed  from  the  traps  and  the  same  traps  were  rede¬ 
ployed  without  changing  the  bait  for  a  second  24  h,  they 
captured  significantly  fewer  lobsters  in  the  second  24-h 
soak  period  (13.7  individuals  [SD  8.6];  Mann-Whitney 
U  test:  P-0.004).  Moreover,  if  the  number  of  lobsters  cap¬ 
tured  during  each  of  the  2  days  are  added  together,  a  net 
total  of  39.3  lobsters  (SD  12.9)  were  caught  in  the  equiva¬ 
lent  of  a  48-h  soak.  This  was  significantly  more  than  the 
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Figure  3 

The  effect  of  pre-stocking  traps  on  subsequent  catch. 
When  traps  (n=6)  were  pre-stocked  with  -28  American 
lobsters  ( Homarus  americanus )  on  day  1  (high  pre-stock), 
the  traps  captured  few  additional  lobsters  after  a  soak  of 
24  h  (day  2).  When  traps  (n-3)  were  pre-stocked  with  only 
10  lobsters  (low  pre-stock),  they  caught  ~9  more  lobsters 
during  the  next  24  h,  for  a  total  of  -19.  Error  bars  in  this 
figure  denote  standard  errors  of  the  mean. 
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catch  in  nearby  ventless  traps  that  were  deployed 
for  48  h  without  the  removal  of  lobsters  (28.9  indi¬ 
viduals  [SD  9.4];  Mann-Whitney  U  test:  P= 0.035). 
These  data  indicate  that  1)  bait  is  less  attractive 
after  24  h  and  2)  lobsters  already  in  a  trap  influ¬ 
ence  the  entry  of  new  lobsters,  so  if  they  are 
removed,  more  lobsters  will  enter  the  trap. 

Loss  of  bait  attractiveness 

Traps  deployed  for  24  h  with  fresh  or  old  bait  Vent¬ 
less  traps  (n= 33)  that  were  fished  for  24  h  with 
“fresh”  bait  captured  significantly  more  lobsters 
(unpaired  Atest:  P<0.006)  than  ventless  traps 
(n= 29)  fished  with  bait  that  had  been  previ¬ 
ously  used  for  24  h  in  a  different  set  of  traps  (i.e., 
1-day-old  bait)  (Fig.  4A).  These  results  indicate 
that  the  old  bait  was  less  attractive  than  the  new 
bait.  It  should  be  noted  that,  although  this  old  bait 
had  been  in  a  trap  for  24  h,  much  of  the  Atlantic 
herring,  by  weight,  was  still  intact  (on  average, 
62%  of  the  bait  by  wet  weight  remained). 


Old  bait  Fresh  bait  Bait  added  Control 


Figure  4 

The  effect  of  bait  “age”  on  catch  per  unit  of  effort.  (A)  Twenty-nine 
traps  were  deployed  for  24  h  with  bait  that  had  already  been  used 
in  different  traps  in  the  same  location  for  24  h  (old  bait),  and  33 
other  traps  were  deployed  for  24  h  with  the  same  amount  of  fresh 
bait.  The  traps  with  fresh  bait  captured  significantly  more  Amer¬ 
ican  lobsters  ( Homarus  americanus)  (P< 0.006).  (B)  Control  traps 
(n=34)  were  deployed  for  48  h  with  the  same  bait.  Experimental 
traps  (n= 34,  bait  added)  were  hauled  after  24  h,  the  bait  in  each 
trap  was  replaced  with  fresh  bait,  and  then  the  traps  were  rede¬ 
ployed  for  an  additional  24  h.  The  traps  with  added  bait  caught  sig¬ 
nificantly  more  lobsters  (P=0.027).  Error  bars  in  this  figure  denote 
standard  errors  of  the  mean. 


Traps  deployed  for  48  h  Ventless  traps 
(n= 34)  were  deployed  for  24  h  and  then 
the  bait  was  replaced  with  new  bait,  and 
the  traps  were  redeployed,  without 
removing  any  of  the  captured  lobsters, 
for  a  second  24  h.  These  traps  with  bait 
added  captured  a  mean  of  21.0  lobsters 
after  the  initial  24  h  and  13.9  lobsters 
during  the  second  24  h,  for  a  total  of  34.9 
lobsters  after  the  total  soak  time  of  48  h 
(Fig.  4B).  This  was  significantly  more 
than  control  traps  (a =27)  captured;  con¬ 
trol  traps  were  fished  over  the  same  time 
period,  but  without  new  bait  added  after 
the  initial  24  h  (unpaired  t-test:  P<0.05) 
(Fig.  4B).  Interestingly,  the  experimental 
traps  with  added  bait  captured  -50% 
fewer  lobsters  on  day  2  than  on  day  1  in 
virtually  every  experiment,  even  though 
fresh  bait  was  added,  a  result  that  was 
likely  due  to  the  influence  of  the  lobsters 
retained  from  day  1  on  the  subsequent 
entry  of  new  lobsters.  Therefore,  while 
loss  of  bait  attractiveness  appears  to 
play  a  role  in  reducing  the  catch  of  lob¬ 
sters  during  day  2  of  a  48-h  soak,  other 
factors,  such  as  the  behavioral  interac¬ 
tions  between  lobsters,  also  influence 
saturation  of  ventless  traps. 
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Figure  5 

Bait  degradation  over  time,  by  proportion  of  remaining  weight  (%)  and  relative 
concentration  (%)  of  amino  acids.  Although  wet  weight  of  the  bait  (n= 4,  frozen 
salted  Atlantic  herring,  Clupea  harengus),  was  relatively  unchanged  over  a 
24-h  simulated  trap  deployment,  the  concentrations  of  multiple  amino  acids 
rapidly  decreased  due  to  leaching.  Note  that  the  initial  increase  in  weight  is 
due  to  rehydration  of  the  salted  herring.  Error  bars  in  this  figure  denote  stan¬ 
dard  errors  of  the  mean. 


Soak  time  (h) 


Attractants  leaching  from  bait  To  estimate  the  leaching  of 
possible  bait  attractants  from  Atlantic  herring  within  the 
first  24  h  of  trap  deployment,  we  measured  changes  in  the 
concentrations  of  various  amino  acids  over  time  in  simu¬ 
lated  trap  deployments  (Fig.  5).  Although  the  weight  of  the 
Atlantic  herring  that  were  used  as  bait  was  essentially 


unchanged  after  24  h  (note  that  lobsters  were  not  allowed 
to  feed  on  baits  during  the  soak  time;  for  details,  see  the 
“Materials  and  methods”  section),  the  amino  acid  concen¬ 
trations  decreased  by  30-80%  after  just  6  h  and  then 
decreased  even  further  after  24  h.  As  a  result,  under  the 
conditions  tested,  salted  Atlantic  herring  after  24  h  had 
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<20%  of  its  initial  concentration  of  potential  attractants. 
In  the  field,  the  decrease  in  attractiveness  would  likely  be 
even  greater  because  feeding  on  the  bait  would  reduce  its 
quantity  and  increase  the  rate  of  leaching.  These  data  add 
further  support  to  the  hypothesis  that  even  though  loss  of 
bait  attractiveness  is  not  the  only  factor  influencing  vent¬ 
less  trap  saturation,  it  is  a  key  factor 
leading  to  a  decrease  in  the  rate  of  lobster 
entries  into  a  trap  even  after  a  soak  of 
just  24  h. 


Time-lapse  video  observations  of  ventless 
traps  For  insight  into  the  behavioral 
mechanisms  underlying  the  effect  of 
new  versus  old  bait,  time-lapse  videos 
of  ventless  traps  (n=7)  were  obtained 
before  and  after  the  addition  of  fresh 
bait  (Fig.  6).  Data  from  analysis  of  these 
videos  indicate  that  the  entry  of  lobsters 
typically  leveled  off  on  day  2  of  a  soak, 
but  when  fresh  bait  was  added  by  div¬ 
ers  on  day  2  there  was  an  immediate 
increase  in  the  entry  of  lobsters  into  the 
trap  (Fig.  6).  As  a  result,  while  the  entry 
rate  of  lobsters  in  control  traps  dropped 
77%  between  day  1  and  2  (from  1.7  to  0.4 
entries/h),  it  only  dropped  38%,  from  1.6 
to  1.0  entries/h,  for  experimental  traps 
with  fresh  bait  added. 


Discussion 

Although  the  mechanisms  underlying 
trap  saturation  in  standard  lobster 
traps  have  been  addressed  in  a  number 
of  previous  studies  (Miller,  1979;  Rich¬ 
ards  et  al.,  1983;  Fogarty  and  Addison, 
1997;  Jury  et  al.,  2001),  the  focus  of  this 
study  was  the  testing  of  specific  hypoth¬ 
eses  concerning  the  potential  causes  of 
ventless  trap  saturation.  Our  results 
indicate  that  catch  typically  reaches  a 
plateau  after  ~24  h  for  2  main  reasons: 
1)  a  loss  of  bait  attractiveness,  which 
leads  to  a  decrease  in  the  rate  of  entries; 
and  2)  behavioral  interactions  between 
American  lobsters,  which  become  more 
prevalent  as  traps  fill  and  cause  both 
a  decrease  in  the  entry  of  new  lobsters 
and  an  increase  in  the  rate  of  escapes. 
These  conclusions  are  supported  by  data 
showing  that,  if  fresh  bait  was  added,  or 
lobsters  in  a  trap  were  removed,  catch 
was  higher  than  in  control  traps,  and 
if  old  bait  was  used,  or  lobsters  were 
pre-stocked  in  traps,  catch  declined  rel¬ 
ative  to  catch  in  control  traps  (Fig.  7). 
These  same  mechanisms  are  likely  to 


come  into  play  with  standard  traps  as  well,  but  the  rela¬ 
tive  rates  of  entry  and  escape  differ,  leading  to  different 
behavioral  dynamics. 

In  a  previous  study,  Clark  et  al.  (2015)  demonstrated 
that  ventless  traps  saturate  before  they  reach  capacity 
(i.e.,  they  reach  the  maximum  biomass  they  can  hold)  and 


Figure  6 

The  effect  of  fresh  bait  on  the  entry  rate  of  American  lobsters  (Homarus  amer- 
icanus )  into  traps  deployed  off  New  Hampshire  in  2013,  based  on  video  obser¬ 
vations.  The  accumulated  rates  of  entry  (black  squares),  catch  (white  circles), 
and  escapes  (white  triangles)  are  shown  for  one  representative  72-h  soak  of 
a  ventless  trap.  Lines  that  best  fit  the  data  are  overlaid  on  each  segment  of 
data  points.  Note  that  on  day  2  (after  traps  already  had  been  fished  for  24  h), 
rates  of  entry  and  catch  reached  a  plateau.  Then  scuba  divers  added  fresh 
bait  to  the  trap  (vertical  line  labelled  Day  2  rebait ),  which  led  to  an  immediate 
increase  in  entries  and  catch.  Also  note  that,  when  escapes  were  equivalent 
to  entries,  catch  reached  a  plateau.  Missing  data  are  the  result  of  night  hours 
when  observations  were  not  possible  because  lights  were  not  used  on  traps. 
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Figure  7 

Summary  overview  of  the  effects  of  various  experiments  on  the  catch  per 
unit  of  effort  (CPUE)  of  American  lobsters  (Homarus  americanus)  in  vent¬ 
less  traps.  These  data  are  presented  in  summary  for  comparison;  there¬ 
fore,  error  bars  have  been  omitted.  Note  that  pre-stocking  traps  and  using 
1-day-old  bait  reduces  catch,  compared  with  catch  of  control  traps  (24-h 
soak),  and  that  removing  the  lobsters  captured  on  day  1,  or  adding  fresh 
bait  after  24  h,  led  to  an  increase  in  catch.  The  CPUE  data  for  the  “remove 
experiment”  includes  the  lobsters  that  were  removed  on  day  1  and  the  new 
lobsters  captured  on  day  2. 
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that  catch  at  the  point  of  saturation  is  correlated  with 
the  density  of  American  lobsters  on  the  bottom.  Satura¬ 
tion  tended  to  occur  when  the  rate  of  entry  of  lobsters  into 
ventless  traps  became  equal  to  their  rate  of  escape,  so  lob¬ 
sters  stopped  accumulating  in  the  trap,  and  the  catch  rate 
reached  a  plateau  (Clark  et  al.,  2018).  Importantly,  these 
data  indicate  that  ventless  traps  probably  saturate  before 
they  reach  some  upper  physical  capacity,  or  maximum 
number  of  lobsters  the  trap  could  hold.  Therefore,  ventless 
traps  seem  to  provide  a  fairly  accurate  index  of  the  num¬ 
ber  of  lobsters  on  the  bottom,  at  least  when  the  density  of 
lobsters  on  the  bottom  is  not  very  high  (Watson  and  Jury, 
2013;  Clark  et  al.,  2015). 

Previously,  Clark  et  al.  (2018)  determined,  using  video 
cameras  mounted  above  traps,  that  the  number  of  lob¬ 
sters  within  1  m  of  both  standard  and  ventless  traps  was 
less  on  day  2  of  a  48-h  soak  than  on  day  1.  Given  that 
ventless  traps  typically  capture  >30  lobsters  in  the  area 
studied  by  Clark  et  al.  (2018)  (i.e.,  same  site  used  in  the 
present  study)  during  a  48-h  soak  (Fig.  1),  the  ventless 
traps  may  have  accumulated  enough  lobsters  to  reduce 
the  density  of  lobsters  in  the  EFA  surrounding  the  traps. 
In  this  study,  we  surveyed  a  much  larger  area  around 
traps  and  found  that  there  were  no  significant  differ¬ 
ences  in  the  densities  of  lobsters  in  the  EFA  after  the 
traps  were  deployed  for  24  h.  These  findings  do  not  sup¬ 
port  the  hypothesis  that  ventless  traps  saturate  because 
they  accumulate  enough  lobsters  to  reduce  the  density  in 
their  vicinity. 

One  reason  why  some  American  lobsters  do  not  enter 
traps  is  that  conspecifics  already  inside  the  traps  keep 
them  out  (Richards  et  al.,  1983).  During  2  previous  studies 
(Jury  et  al.,  2001;  Watson  and  Jury,  2013),  time-lapse  videos 
were  used  to  investigate  this  phenomenon  with  standard 
lobster  traps,  and,  in  both  cases,  it  was  clear  that  lobsters 
in  the  kitchen  portion  of  the  trap,  where  lobsters  enter  and 
the  bait  is  located,  would  often  prevent  other  lobsters  from 
entering.  However,  it  should  be  noted  that  in  all  previous 
studies  of  this  type  the  lobsters  used  for  pre-stocking  were 
large  adults  that  might  be  more  aggressive  than  the  sub- 
legal  lobsters  that  typically  accumulate  in  ventless  traps. 

In  this  study,  ventless  traps  were  pre-stocked  with  the 
same  number,  and  size  composition,  of  lobsters  that  were 
typically  captured  in  ventless  traps  on  day  1  of  a  soak,  in 
the  same  location  (see  Clark  et  al.,  2015),  and  despite  this 
modification  in  protocol,  pre-stocking  traps  still  reduced 
catch.  Also,  the  removal  of  the  lobsters  captured  on  day  1 
increased  the  number  of  lobsters  captured  on  day  2,  most 
likely  because  of  reduced  agonistic  interactions.  Moreover, 
when  the  lobsters  captured  and  removed  on  day  1  of  a  48-h 
soak  were  added  to  those  captured  on  day  2,  the  total  net 
catch  was  greater  than  that  for  traps  that  were  deployed 
continuously  for  48  h  (Fig.  7).  This  result  indicates  that 
as  a  trap  fills  over  the  course  of  the  soak  time,  fewer  lob¬ 
sters  enter,  and  more  lobsters  leave,  leading  eventually  to 
a  dynamic  equilibrium  in  which  catch  plateaus.  However, 
although  it  appears  as  if  the  reduction  in  the  rate  of  entry 
is,  in  part,  due  to  the  presence  of  lobsters  in  the  trap,  loss  of 
bait  attractiveness  also  appears  to  play  an  important  role. 


Bait  attractiveness  was  reduced  after  24  h,  as  indicated 
by  a  number  of  different  results.  First,  catch  of  traps  with 
1-day-old  bait  was  significantly  less  than  catch  of  identical 
traps  deployed  for  24  h  with  fresh  bait  (Fig.  4).  Second, 
when  scuba  divers  replaced  old  bait  with  fresh  bait,  there 
was  an  immediate  increase  in  the  rate  of  entries  observed 
on  video  recordings  made  with  the  LTV  system.  This  find¬ 
ing  strongly  indicates  that  the  new  bait  was  significantly 
more  attractive  than  the  old  bait  (Fig.  6).  Moreover,  traps 
that  had  new  bait  added  after  24  h  captured  more  lob¬ 
sters  than  control  traps  (Fig.  4).  Finally,  after  6-24  h,  there 
was  a  significant  reduction  in  the  amount  of  amino  acids 
released  from  Atlantic  herring  bait,  even  though  the  bait 
itself,  in  terms  of  weight,  was  mostly  intact.  These  results 
are  consistent  with  those  of  a  previous  study  of  the  rate 
of  leaching  from  mackerel  bait  (Lpkkeborg,  1990).  There¬ 
fore,  a  change  in  the  attractiveness  of  bait  over  time  also 
plays  a  key  role  in  lobster  trap  dynamics  and  the  onset  of 
ventless  trap  saturation.  It  should  be  noted  that  the  initial 
amount  and  type  of  bait,  along  with  environmental  factors 
such  as  temperature  and  current  velocity,  will  likely  affect 
catch  and  trap  saturation  by  altering  the  rate  at  which 
bait  loses  its  attractiveness. 

The  findings  from  this  study  have  several  practical  impli¬ 
cations.  First,  ventless  traps  saturate  after  approximately 
24  h  because  of  a  combination  of  factors  related  to  bait  dete¬ 
rioration  and  behavioral  interactions  between  lobsters  that 
inhibit  further  entries  and  enhance  escapes.  Therefore,  in 
areas  with  high  densities  of  lobsters,  soak  times  of  ~24  h 
might  be  best  for  ventless  trap  surveys.  However,  longer 
soak  times  might  be  appropriate  in  areas  where  the  density 
of  lobsters  is  lower  or  where  the  size-frequency  distribu¬ 
tion  is  different.  Second,  even  though  there  is  a  correlation 
between  catch  in  ventless  traps  and  the  density  of  lobsters 
on  the  bottom  (Clark  et  al.,  2015),  the  accuracy  of  catch  in 
ventless  trap  surveys  as  an  indicator  of  abundance  might 
be  affected  in  areas  with  higher  densities  of  lobsters  or,  as 
mentioned  previously,  in  habitats  with  a  higher  density  of 
larger,  more  aggressive  lobsters.  In  these  areas,  one  possi¬ 
ble  solution  might  be  to  use  double-parlor  ventless  traps, 
which  might  saturate  at  a  higher  capacity,  or  after  a  longer 
soak  time.  Finally,  it  would  be  prudent  to  consider  stan¬ 
dardization  of  the  amount  and  type  of  bait  used  in  ventless 
traps  and  to  consider  bait  or  bait  delivery  systems  that  do 
not  deteriorate  as  fast  as  Atlantic  herring,  so  that  lobsters 
will  continue  to  approach  and  enter  traps  at  a  high  rate 
throughout  a  longer  soak  time. 
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Abstract- — -Available  tag-recapture  and 
population  genetics  data  for  cobia 
(. Rachycentron  canadum )  in  the  south¬ 
eastern  United  States  were  evaluated 
to  provide  information  on  population 
structure  and  determine  the  geographic 
boundary  between  stocks  in  the  Gulf 
of  Mexico  and  the  Atlantic  Ocean.  The 
movements  of  1750  cobia  were  evalu¬ 
ated  on  the  basis  of  assigned  tagging 
and  recapture  zones.  Genetic  samples 
from  an  additional  2796  cobia  collected 
during  the  presumed  spawning  season 
were  genotyped  at  10  microsatellite  loci, 
and  standard  population  genetic  sta¬ 
tistical  analyses  were  applied  to  the 
resulting  sample  data  set.  Tag-recapture 
results  indicate  that  cobia  tagged  south 
of  Cape  Canaveral,  Florida,  primarily 
move  between  that  area  and  the  Gulf 
of  Mexico  and  that  cobia  tagged  north 
of  Georgia  have  little  interaction  with 
the  area  south  of  Cape  Canaveral.  Cobia 
tagged  at  Cape  Canaveral  distributed 
widely  throughout  the  entire  southeast¬ 
ern  coast  of  the  United  States.  Genetic 
analysis  results  agree,  indicating  sep¬ 
arate  stocks  that  occur  from  Texas 
through  Hobe  Sound  on  the  east  coast 
of  Florida  and  from  Savannah,  Georgia, 
to  the  Chesapeake  Bay  in  Virgina,  with 
distinct  genetic  groupings  within  the 
Atlantic  Ocean  stock.  The  results  indi¬ 
cate  a  transition  area  that  occurs  from 
Cape  Canaveral  through  northern  Geor¬ 
gia,  and  additional  data  from  this  region 
are  necessary  to  further  refine  the  stock 
boundary. 
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The  cobia  ( Rachycentron  canadum )  is  a 
large,  migratory  pelagic  species  found 
throughout  most  of  the  world’s  tropical 
and  subtropical  waters,  with  the  excep¬ 
tion  of  the  eastern  Pacific  Ocean  (Shaf¬ 
fer  and  Nakamura,  1989).  In  the  United 
States,  the  species  is  found  throughout 
the  Gulf  of  Mexico  (GOM)  and  Atlantic 
Ocean  from  Texas  through  Massachu¬ 
setts  (Briggs,  1960),  although  catches 
north  of  the  Chesapeake  Bay  in  Virginia 
are  less  frequent.  Life-history  charac¬ 
teristics  differ  between  cobia  from  the 
GOM  and  those  from  the  western  North 
Atlantic  Ocean,  with  a  faster  growth 
rate  in  the  GOM  and  a  greater  maxi¬ 
mum  age  in  the  Atlantic  Ocean  (Burns 
et  al.1).  In  the  GOM,  cobia  undertake 


1  Burns,  K.  M.,  C.  Neidig,  J.  Lotz,  and 
R.  Overstreet.  1998.  Cobia  (Rachycentron 
canadum )  stock  assessment  study  in  the 
Gulf  of  Mexico  and  in  the  South  Atlan¬ 
tic.  Mote  Mar.  Lab.  Tech.  Rep.  571,  108  p. 
[Available  from  website.] 


seasonal  migrations  from  overwintering 
grounds  in  South  Florida  to  spawning 
grounds  in  the  northern  GOM  during 
spring  and  summer  (Bums  and  Nei¬ 
dig2;  Ditty  and  Shaw,  1992;  Biesiot  et  al., 
1994;  Franks  and  Brown-Peterson, 
2002;  Dippold  et  al.,  2017),  although 
some  cobia  may  migrate  from  deeper  off¬ 
shore  overwintering  grounds  to  coastal 
areas  as  well  (Hendon  and  Franks3).  In 
the  western  North  Atlantic  Ocean,  cobia 
enter  high-salinity  estuaries  as  well  as 
nearshore  locations  in  Georgia,  South 


2  Bums,  K.  M.,  and  C.  L.  Neidig.  1992.  Cobia 
(Rachycentron  canadum ),  ambeijack  (Seriola 
dumerili),  and  dolphin  (Coryphaena  hipurus ) 
migration  and  life  history  study  off  the  south¬ 
west  coast  of  Florida.  Mote  Mar.  Lab.  Tech. 
Rep.  267, 58  p.  [Available  from  website.] 

3  Hendon,  J.  R.,  and  J.  S.  Franks.  2010.  Sport 
fish  tag  and  release  in  Mississippi  coastal 

waters  and  the  adjacent  Gulf  of  Mexico,  13  p. 
Final  Rep.,  Proj.  F-132,  Segments  7-9.  Gulf 
Coast  Res.  Lab.,  Univ.  South.  Miss.,  Ocean 
Springs,  MS.  [Available  from  website.] 
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Carolina,  North  Carolina,  and  Virginia  as  water  tempera¬ 
tures  approach  20°C  (Richards,  1967;  Smith,  1995;  Lefebvre 
and  Denson,  2012).  The  results  of  work  that  involved  the  col¬ 
lection  of  eggs  and  larvae,  as  well  as  ovarian  histology,  indi¬ 
cate  that  spawning  occurs  in  these  inshore  locations  during 
the  spring  and  summer  (Smith,  1995;  Franks  and  Brown  Pe- 
terson,  2002;  Lefebvre  and  Denson,  2012),  although  spawn¬ 
ing  may  also  occur  with  fish  aggregating  on  the  continental 
shelf  (Hassler  and  Rainville,  1975).  When  estuarine  and 
nearshore  waters  drop  below  20°C  in  the  fall,  cobia  move  out 
of  these  areas,  although  overwintering  locations  are  not  well 
known.  Because  cobia  are  a  popular  target  for  recreational 
anglers  throughout  their  range,  state  and  federal  regulations 
have  been  established  to  promote  sustainable  fishing. 

Formal  management  measures  for  cobia  in  the  United 
States  began  with  the  implementation  of  the  coastal  migra¬ 
tory  pelagic  resources  fishery  management  plan  (FMP)  in 
1983  (GMFMC  and  SAFMC,  1983),  which  established  a 
single  stock  of  cobia  extending  from  Texas  through  the  bor¬ 
der  of  North  Carolina  and  Virginia  (later  extended  through 
New  York)  and  established  a  size  limit  of 838  mm  fork  length 
(FL).  Management  authority  was  shared  by  the  Gulf  of 
Mexico  and  South  Atlantic  Fishery  Management  Councils. 
In  2012,  Amendment  18  to  the  FMP  (GMFMC  and  SAFMC, 
2011)  established  GOM  and  Atlantic  Ocean  migratory 
groups  of  cobia.  Although  early  genetic  analysis  revealed 
no  differences  between  GOM  and  western  North  Atlantic 
Ocean  cobia  (Hrincevich,  1993),  differences  in  life-history 
characteristics,  such  as  maximum  age  and  growth  rate, 
required  the  change.  The  stock  boundary  was  established 
in  Monroe  County,  Florida,  at  the  current  demarcation  of 
jurisdiction  between  the  management  councils.  The  Monroe 
County  stock  boundary  was  chosen  on  the  basis  of  the  doc¬ 
umented  seasonal  migration  of  GOM  cobia  from  overwin¬ 
tering  grounds  in  the  Florida  Keys  to  the  northern  GOM 
and  the  presumption  that  Atlantic  Ocean  migratory  group 
cobia  overwinter  in  the  Florida  Keys  as  well  (Williams, 
2001).  Initial  genetic  and  conventional  tagging  data  ana¬ 
lyzed  in  preparation  for  Southeast  Data,  Assessment,  and 
Review  28  (SEDAR,  2013a,  2013b)  refuted  the  Florida  Keys 
as  an  overwintering  location  for  western  North  Atlantic 
Ocean  cobia  and,  as  a  result,  Amendment  20B  to  the  FMP 
(GMFMC  and  SAFMC,  2014)  established  a  new  boundary 
between  GOM  and  western  North  Atlantic  Ocean  stocks  at 
the  border  of  Georgia  and  Florida.  Data  that  led  to  the  new 
stock  delineation  are  presented  herein. 

Identification  of  fish  stocks  is  necessary  to  properly  allocate 
catch  among  multiple  user  groups  and  effectively  manage  the 
species  under  the  requirements  of  the  Magnuson-Stevens 
Fishery  Conservation  and  Management  Act  (MSFCMA, 
2007).  Successful  stock  delineation  is  also  critical  to  the  stock 
assessment  process,  as  most  population  models  assume  that 
the  stock  will  have  homogeneous  life-history  characteris¬ 
tics  and  a  closed  life  cycle  in  which  recruitment  occurs  from 
within  that  stock  (Cadrin  et  al.,  2005).  Because  these  char¬ 
acteristics  differ  between  GOM  and  western  North  Atlantic 
Ocean  cobia,  an  appropriate  delineation  of  the  stock  bound¬ 
ary  is  essential  to  accurately  assigning  life-history  param¬ 
eters  such  as  growth  rate,  fecundity,  and  age  structure  for 


each  stock.  Stock  identification  methods  include  analyzing 
a  variety  of  characteristics,  such  as  meristics,  reproduction, 
morphometries,  otolith  composition  and  shape,  parasite  tags, 
and  fatty  acid  profiles  (Hilbom  and  Walters,  1992;  Izzo  et  al., 
2017);  however,  mark-recapture  and  genetic  analysis  are  2  of 
the  most  commonly  used  methods  of  identifying  stocks. 

Mark-recapture  methods  that  involve  external  tags  have 
been  used  for  over  a  century  to  provide  information  on  fish¬ 
eries  (Ricker,  1948).  Tagging  studies  have  been  used  to  deter¬ 
mine  migratory  patterns  and  stock  structure  of  species  such 
as  the  Atlantic  salmon  (Salmo  salar)  (Hansen  and  Jacobsen, 
2003),  billfish  (Istiophoridae)  (Orbesen  et  al.,  2008), 
Queensland  school  mackerel  ( Scomberomorus  queenslandi- 
cus),  Australian  spotted  mackerel  (S.  munroi)  (Begg  et  al., 
1997),  and  pollock  ( Pollachius  virens )  (Neilson  et  al.,  2006). 
In  contrast  to  the  use  of  tag-recapture  methods  in  studies  of 
stock  structure,  the  use  of  genetic  analysis  in  stock  identifica¬ 
tion  is  a  relatively  recent  and  rapidly  evolving  field.  Over  the 
last  2  decades,  genetic  methods  have  been  more  frequently 
employed  to  distinguish  population  structure  of  fish;  genetic 
analyses  have  included  the  use  of  random  amplified  poly¬ 
morphic  DNA  in  species  such  as  the  striped  bass  ( Morone 
saxatilis)  (Bielawski  and  Pumo,  1997),  Pacific  cod  (G actus 
microcephalies)  (Saitoh,  1998),  and  Antarctic  toothfish  (Dis- 
sostichus  mawsoni )  (Parker  et  al.,  2002).  More  recently, 
microsatellite  markers  have  been  used  to  differentiate  stock 
structure  in  Atlantic  cod  (Gadus  morhua )  (Knutsen  et  al., 

2011) ,  steelhead  ( Oncorhynchus  mykiss)  (Campbell  et  al., 

2012) ,  and  eulachon  ( Thaleichthys  pacificus)  (Flannery 
et  al.,  2013).  Our  study  combined  the  more  traditional 
tag-recapture  analysis  with  modem  genetic  methods. 

Preliminary  genetic  and  tag-capture  analyses  of  cobia 
stock  structure  in  the  southeastern  United  States  con¬ 
ducted  in  preparation  for  the  2012  benchmark  stock  assess¬ 
ment  (Perkinson  and  Denson4;  Darden5)  cast  doubt  on  the 
accepted  stock  boundary  in  the  Florida  Keys.  Recently, 
Dippold  et  al.  (2017)  examined  cobia  migratory  patterns 
by  using  tag-recapture  data;  however,  the  study  focused 
primarily  on  5  zones  within  the  GOM.  All  regions  north  of 
the  Florida  Keys  were  combined  into  a  single  zone,  making 
a  thorough  evaluation  of  the  stock  boundary  delineation 
between  the  GOM  and  Atlantic  Ocean  stocks  difficult.  To 
identify  the  most  biologically  appropriate  delineation,  we 
conducted  a  meta-analysis  of  all  available  tag-recapture 
data,  adding  additional  zones  to  the  east  coast  of  Florida 
to  provide  greater  resolution  of  movement.  Additionally, 
we  analyzed  microsatellite  genetic  data  from  cobia  to  com¬ 
pare  the  genotypes  of  fish  collected  in  locations  through¬ 
out  the  GOM  and  western  North  Atlantic  Ocean.  Our 
combination  of  data  sources  provided  a  complementary 


4  Perkinson,  M.,  and  M.  Denson.  2012.  Evaluation  of  cobia 
movements  and  distribution  using  tagging  data  from  the 
Gulf  of  Mexico  and  South  Atlantic  coast  of  the  United  States. 
SEDAR28-DW05, 17  p.  Southeast  Data  Assessment  and  Review 
(SEDAR),  North  Charleston,  SC.  [Available  from  website.] 

5  Darden,  T.  2012.  Cobia  preliminary  data  analyses — US  Atlan¬ 
tic  and  GOM  genetic  population  structure.  SEDAR28-DW01, 
2  p.  Southeast  Data  Assessment  and  Review  (SEDAR),  North 
Charleston,  SC.  [Available  from  website.] 
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approach  to  stock  boundary  identification  (Begg  and  Wald- 
man,  1999)  with  results  that  are  more  robust  than  those 
from  the  use  of  either  method  alone. 


Materials  and  methods 

Tagging  methods 

Tag-recapture  data  for  cobia  from  7  tagging  programs 
were  included  in  the  analysis:  the  Virginia  Game  Fish 
Tagging  Program,  North  Carolina  Division  of  Marine  Fish¬ 
eries,  South  Carolina  Department  of  Natural  Resources 
(SCDNR),  Hilton  Head  Reef  Foundation,  NOAA  South¬ 
east  Fisheries  Science  Center  Cooperative  Tagging  Cen¬ 
ter,  Mote  Marine  Laboratory,  and  the  Sport  Fish  Tag 
and  Release  Program  of  the  Gulf  Coast  Research  Labo¬ 
ratory,  University  of  Southern  Mississippi  (Table  1).  All 
7  programs  employed  similar  methods,  including  the  use  of 
nylon  or  stainless-steel-tipped  dart  tags  and  reliance  on  a 
trained  group  of  recreational  anglers  and  charter  boat  cap¬ 
tains  to  tag  and  release  cobia.  Anglers  were  asked  to  submit 
a  data  card  for  each  tagged  fish  that  included  the  follow¬ 
ing  information:  tag  number,  date,  release  location,  fish 
length  (converted  to  millimeters  in  FL  where  necessary), 
and  weight  (converted  to  kilograms),  as  well  as  other  per¬ 
tinent  information  that  differed  by  tagging  program.  Upon 
recapture  of  a  tagged  fish,  anglers  reported  similar  data, 
including  whether  the  fish  was  released  or  harvested.  In 
this  study,  we  determined  general  migratory  trends  over  a 
large  geographic  area  on  the  basis  of  recapture  data.  There 
were  minor  differences  in  tag  types  (stainless  versus  nylon 
anchors)  and  incentive  structure  between  programs  and 
within  programs  during  different  time  periods  that  could 
affect  tag  retention  and  reporting  rates  and  could,  there¬ 
fore,  influence  estimates  of  mortality  or  other  quantitative 
measures.  However,  these  difference  are  unlikely  to  influ¬ 
ence  the  analysis  of  large-scale  migratory  patterns  based 
on  capture  and  recapture  location.  Therefore,  recapture 
data  were  pooled  into  a  comprehensive  data  set.  Tag  and 
recapture  locations  were  assigned  a  GPS  coordinate  on  the 
basis  of  location  description,  if  latitude  and  longitude  were 
not  otherwise  provided.  In  those  instances,  we  assigned 
latitudes  and  longitudes  by  using  the  best  available  infor¬ 
mation.  These  coordinates  were  assigned  solely  for  the  pur¬ 
pose  of  graphical  depiction  of  recapture  locations  and  not 
for  analyses;  all  analyses  were  based  on  zone  assignment. 
Only  cobia  at  large  for  greater  than  30  d  were  included  in 
the  final  analysis  to  minimize  the  location  bias  of  fish  that 
were  tagged  and  immediately  recaptured.  Where  programs 
reported  total  length  (TL),  rather  than  FL  of  fish  tagged, 
the  formula  FL=13.52399+(0.878671xTL)  (SEDAR,  2013b) 
was  used  to  transform  data. 

Data  partitioning 

Tagging  areas  and  recapture  areas  were  partitioned  into  10 
different  zones  for  analysis  of  movement  patterns  (Fig.  1). 
The  East  Coast  of  the  United  States  north  of  Florida  was 


Table  1 

Number  of  cobia  ( Rachycentron  canadum)  tagged  and  recap¬ 
tured  by  each  of  7  tagging  programs  throughout  the  Gulf  of 
Mexico  and  Atlantic  Ocean  off  the  southeastern  United  States 
between  1988  and  2017.  The  tagging  programs  were  those  of 
the  following  organizations:  Virginia  Game  Fish  Tagging  Pro¬ 
gram  (VGTP),  North  Carolina  Division  of  Marine  Fisheries 
(NCDMF),  South  Carolina  Department  of  Natural  Resources 
(SCDNR),  Hilton  Head  Reef  Foundation  (HHRF),  NOAA 
Southeast  Fisheries  Science  Center  (SEFSC),  Mote  Marine 
Laboratory  (MOTE),  and  Gulf  Coast  Research  Laboratory, 
University  of  Southern  Mississippi  (GCRL). 


Data 

source 

Number 

tagged 

Number 

recaptured 

Recapture 
rate  (%) 

Years 

active 

VGFTP 

3899 

433 

11.1 

1995-2017 

NCDMF 

73 

5 

6.8 

2017 

SCDNR 

1194 

216 

18.1 

1990-2014 

HHRF 

95 

14 

14.7 

2007-2012 

SEFSC 

1557 

159 

10.2 

1986-2014 

MOTE 

920 

100 

10.9 

1991-2001 

GCRL 

18,129 

1197 

6.6 

1988-2017 

Total 

25,867 

2124 

8.2 

1986-2017 

segmented  into  5  zones:  the  areas  within  and  extending 
offshore  of  states  north  of  Virginia,  Virginia,  North  Caro¬ 
lina,  South  Carolina,  and  Georgia.  All  tagging  and  recap¬ 
ture  events  that  occurred  within  the  Chesapeake  Bay  were 
assigned  to  the  Virginia  zone.  Because  preliminary  genetic 
results  (Darden5)  indicated  a  break  along  the  east  coast  of 
Florida,  the  area  was  segmented  into  3  zones:  north  of  Brevard 
County,  encompassing  the  area  from  the  Florida-Georgia 
border  south  to  the  border  of  Volusia  and  Brevard  Coun¬ 
ties;  Brevard  County,  including  Cape  Canaveral;  and  south 
of  Brevard  County,  encompassing  the  area  from  the  border  of 
Brevard  and  Indian  River  Counties  to  Biscayne  Bay.  County 
lines  were  chosen  because  of  their  congruency  with  recre¬ 
ational  and  commercial  catch  data  used  in  the  stock  assess¬ 
ment  process.  To  the  south,  the  Florida  Keys  zone  covered  the 
area  from  Biscayne  Bay  around  to  Marco  Island  in  southwest 
Florida.  Although  genetic  structure  and  movements  of  fish 
between  locations  in  the  COM  to  the  Atlantic  Ocean  were 
evaluated,  specific  movements  of  fish  solely  within  the  COM 
were  beyond  the  scope  of  this  paper,  resulting  in  the  entire 
GOM  from  Marco  Island  to  the  Texas-Mexico  border  being 
assigned  a  single  zone.  Dippold  et  al.  (2017)  provide  a  thor¬ 
ough  analysis  of  cobia  movements  within  the  GOM.  Analyses 
of  movement  between  zones  as  well  as  recaptures  within  a 
zone  were  largely  qualitative  and  focused  on  identifying  sea¬ 
sonal  trends  and  broad  patterns  in  movement  that  indicate 
potential  breaks  in  biological  stocks. 

Genetics 

The  SCDNR  Genetic  Tissue  Collection  currently  houses 
more  than  5050  archived  genetic  samples  of  cobia  col¬ 
lected  by  numerous  researchers  and  anglers  around  the 
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Figure  1 

Map  of  zones  where  cobia  (Rachycentron  canadum)  were  tagged  and  recaptured  off  the  coast  of  the 
southeastern  United  States  from  1988  through  2017.  Designated  for  the  purpose  of  partitioning 
and  analyzing  tag-recapture  data,  zones  include  both  inshore  and  offshore  waters  adjacent  to  each 
location.  BR=Brevard  County;  N-BR=north  of  Brevard;  and  S-BR=south  of  Brevard. 


globe.  In  all  cases,  small  tissue  samples  were  collected 
from  the  anal  or  caudal  fin  and  stored  in  either  95% 
non-denatured  ethanol  (EtOH)  or  a  sarkosyl-urea  pres¬ 
ervation  solution  (8  M  urea,  1%  sarkosyl,  20  mM  sodium 
phosphate,  1  mM  EDTA)  until  processed.  For  the  current 
project,  sample  selection  included  those  collected  along 
the  U.S.  coast  in  the  GOM  and  western  North  Atlantic 
Ocean  during  cobia  spawning  season  defined  by  each  state 
on  the  basis  of  temperature-based  patterns  and  gonadoso- 
matic  indices  (SEDAR,  2013b).  Available  samples  ranged 
from  Virginia  south  along  the  Atlantic  coast  around  the 
Florida  peninsula  into  the  GOM  and  westward  to  Texas. 
Spawning  season  was  defined  for  each  state  in  this  way: 
Virginia,  June-August;  North  Carolina,  May-July;  South 
Carolina  and  Georgia,  April-July;  Florida,  March-August; 
Mississippi,  May  (only  samples  available);  and  Texas, 
April-August. 

The  sarkosyl-urea  preservative  simultaneously  stabi¬ 
lizes  sample  DNA  and  serves  as  a  preliminary  cell  lysis 
solution.  The  EtOH-stored  samples  were  subjected  to  a 
proteinase  K  cell  lysis  prior  to  DNA  isolation.  All  DNA  iso¬ 
lation,  microsatellite  amplification,  and  genotyping  meth¬ 
ods  followed  the  method  of  Darden  et  al.  (2014).  Briefly, 
DNA  was  isolated  from  all  samples  by  using  a  magnetic 


bead  isolation  procedure.  Ten  polymorphic  microsatellite 
loci  were  then  amplified  through  polymerase  chain  reac¬ 
tion  (PCR)  in  3  multiplexed  groupings.  These  loci  have 
been  optimized  and  multiplexed  previously  and  were 
used  to  document  both  global  and  local  population  struc¬ 
ture  in  cobia.  PCR  was  conducted  in  11-pL  reactions  with 
lx  5PRIME6  HotMaster  buffer  kit  (5PRIME  HotMaster 
Taq  DNA  Polymerase  and  lOx  5PRIME  HotMaster  Buffer, 
5000  U  [5  u/pL];  Qiagen  Beverly,  Inc.,  Beverly,  MA)  and 
with  2.5  mM  Mg2+,  0.2  mM  dNTPs,  0.3  units  5PRIME  Hot¬ 
Master  Taq  DNA  Polymerase,  0.5  mM  MgCl2,  0.20  mg/mL 
BSA,  0.3  pM  forward  and  reverse  primers,  and  1  pL  of  1:10 
diluted  DNA  template.  Individual  primer  concentrations 
differ  among  loci  and  are  given  in  Darden  et  al.  (2014). 
Forward  primers  for  all  loci  were  labeled  with  We  11  RED 
fluorescent  dyes  (Beckman  Coulter,  Inc.,  Fullerton,  CA). 
Thermal  cycling  for  PCR  used  a  modified  60°C  touchdown 
protocol  (Renshaw  et  al.,  2006)  consisting  of  an  initial 
denaturation  step  at  94°C  for  2  min,  followed  by  34  cycles 
of  denaturing  at  94°C  for  30  s,  annealing  at  60°C,  57°C, 


6  Mention  of  trade  names  or  commercial  companies  is  for  identi¬ 
fication  purposes  only  and  does  not  imply  endorsement  by  the 
National  Marine  Fisheries  Service,  NOAA. 
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and  54°C  (7,  7,  and  20  cycles,  respectively)  for  1  min,  and 
extension  at  64°C  for  2  min,  followed  by  a  final  extension 
step  at  64°C  for  60  min  (as  in  Darden  et  al.,  2014).  Both 
size  standards  (GenomeLab  DNA  Size  Standard  Kit  400, 
Beckman  Coulter,  Inc.)  and  reaction  products  were  sepa¬ 
rated  with  a  Beckman  Coulter  CEQ  8000  Genetic  Analysis 
System,  with  fragment  size  analysis  performed  with  CEQ 
8000  software.  All  chromatograms  were  scored  manually 
by  2  independent  readers.  Discrepancies  between  read¬ 
ers  were  resolved  in  conference,  or  samples  were  rerun  to 
obtain  an  unambiguous  genotype  for  all  individuals. 

In  2004,  researchers  at  SCDNR  began  a  cobia  stock 
enhancement  research  program,  releasing  discrete 
numbers  of  cobia  juveniles  into  the  wild.  Therefore,  all 
hatchery-produced  fish  were  removed  from  the  data 
set  prior  to  further  analysis.  We  used  a  maximum  likeli¬ 
hood  parentage  approach  as  implemented  in  the  software 
Cervus,  vers.  3.0.3  (Kalinowski  et  al.,  2007),  to  provide 
a  statistical  evaluation  of  parentage  taking  into  account 
mutation  rates,  population  allele  frequencies,  and  lab 
error  rates.  The  power  of  the  loci  suite  to  correctly  iden¬ 
tify  hatchery  fish  as  well  as  individual  fish  is  high,  with 
average  parent-pair  and  identity  non-exclusion  probabil¬ 
ities  of  1.7x10“'  and  7.8xl0“12,  respectively,  indicating 
very  low  probabilities  of  incorrectly  identifying  hatchery 
fish  or  individuals.  Parentage  simulations  (number  of 
simulations  [n]=20)  were  run  with  known  sex  parentage 
analysis  by  using  allele  frequencies  from  individuals  col¬ 
lected  from  2007  through  2009  (n=1407).  All  simulations 
were  conducted  with  10,000  offspring,  8  candidate  parent 
pairs  (with  all  parents  sampled),  95%  genotyping,  and  low 
mistyping  error  (0.01)  and  mutation  (0.001)  rates.  Critical 
delta  scores  were  determined  by  using  99.0%  and  99.9% 
confidence  levels  for  the  relaxed  and  strict  criteria,  respec¬ 
tively.  Parentage  analyses  for  the  juvenile  samples  were 
conducted  with  the  modal  simulation  file  from  the  simu¬ 
lation  runs.  All  parental  assignments  were  designated  at 
the  strict  confidence  level  (99.9%). 

All  remaining  individuals  that  were  successfully  geno- 
typed  at  8  or  more  loci  were  subjected  to  sibship  analyses 
as  implemented  in  the  software  COLONY,  vers.  2. 0.6. 4 
(Jones  and  Wang,  2010),  to  identify  any  potential  large 
family  groups  within  the  data  set  that  could  confound 
further  genetic  structure  analyses.  Two  simulations  were 
run  by  using  settings  of  polygamous  breeding,  weak  prior, 
updating  allele  frequencies,  no  genotyping  error,  and  full 
likelihood  and  pairwise  likelihood  combined  method  for 
a  medium  run  length.  Any  identified  duplicate  samples 
were  removed  from  the  data  set  prior  to  further  analy¬ 
ses.  Results  were  evaluated  for  consistency  among  runs 
for  individual  fullsib  relationships  as  well  as  family  sizes 
present. 

For  the  initial  analyses,  the  data  set  was  partitioned  into 
18  geographic  sections  based  on  natural  latitudinal  breaks 
in  the  collection  data  (Table  2,  Fig.  2).  Standard  population 
genetic  statistical  analyses  were  applied  to  the  resulting 
sample  data  set.  Population  genetic  structure  throughout 
the  collection  range  was  assessed  through  evaluations  of 
Hardy-Weinburg  equilibrium  (HWE)  in  GenAlEx,  vers. 


6.5  (Peakall  and  Smouse,  2006,  2012),  analysis  of  molecu¬ 
lar  variance  (AMOVA)  in  Arlequin,  vers.  3.5. 1.2  (Excoffier 
and  Lischer,  2010),  pairwise  FST-style  statistics  calculated 
in  GenAlEx  and  Arlequin,  and  the  clustering  algorithms 
implemented  in  STRUCTURE,  vers.  2.3.4  (Pritchard  et  al., 
2000).  Iterative  AMOVAs  (i?ST  based)  were  conducted  to 
evaluate  areas  of  genetic  discontinuity  in  the  data  set  with 
potential  location  groupings  under  2-  and  3-population 
scenarios.  Pairwise  comparisons  of  sample  locations  and 
HWE  were  conducted  initially  at  the  smallest  geographic 
scale,  and  locations  were  combined  sequentially  to  repre¬ 
sent  the  smallest  number  of  homogenous  groupings.  Esti¬ 
mates  of  Rgfp,  FST,  Cg'p,  G  g^  (Nei,  1973),  G  g-p,  and  Dggp 
were  initially  calculated  to  verify  consistency  across  met¬ 
rics.  Because  patterns  of  all  estimates  were  consistent,  only 
i?ST  metrics  are  reported.  The  clustering  model  assignment 
employed  in  the  program  STRUCTURE  by  using  a  hierar¬ 
chical  approach  with  the  assistance  of  the  web-based  soft¬ 
ware  STRUCTURE  HARVESTER,  vers.  0.6.94  (Earl  and 
vonHoldt,  2012),  was  used  to  identify  the  most  appropriate 
number  of  distinct  populations  ( K)  of  each  run.  Simulations 
were  run  by  using  the  locprior  parameter,  with  5  replicates 
for  each  K,  the  length  of  the  burn-in  period  was  20,000 
runs,  and  the  number  of  Markov  chain  Monte-Carlo  reps 
after  burn-in  was  20,000.  Sites  that  were  strongly  assigned 
to  one  population  were  removed  from  the  data  set,  and 
STRUCTURE  was  run  iteratively  until  K=  1  was  the  most 
appropriate  assignment  for  each  cluster.  The  effective  num¬ 
bers  of  migrants  per  generation  and  year  (based  on  gener¬ 
ation  time  of  5-7  years  for  cobia)  were  calculated  for  each 
resulting  homogenous  cluster  in  Arlequin. 

Results 

Tag-recapture  data 

The  tagging  data  analyzed  covers  a  29-year  period,  with 
the  first  fish  tagged  in  1988  and  the  last  recapture  occur¬ 
ring  in  2017.  During  that  period,  25,867  cobia  were  tagged 
cumulatively  by  all  7  tagging  programs  (Table  1),  and 
2124  cobia  were  subsequently  recaptured  and  reported 
(8%)  with  the  highest  recapture  rates  occurring  in  South 
Carolina  (18%)  and  Virginia  (11%)  and  the  lowest  in  the 
GOM  (7%).  After  removing  recaptures  that  were  missing 
location  or  date  information  (n=110)  as  well  as  those  that 
occurred  less  than  30  d  after  tagging  («=264),  the  com¬ 
bined  data  set  consisted  of  1750  recaptures.  Mean  FL 
at  tagging  was  largest  in  Virginia,  South  Carolina,  and 
North  Carolina  (Table  3)  and  was  smaller  along  the  coast 
of  Florida  and  in  the  GOM.  Overall,  mean  FL  at  tagging 
was  786  mm,  indicating  that  most  tagging  efforts  were 
focused  on  sublegal  cobia  because  the  minimum  legal  size 
was  838  mm  FL  until  September  2017  in  federal  waters  in 
the  western  North  Atlantic  Ocean  and  until  2016  in  North 
Carolina  and  Virginia  state  waters.  Minimum  legal  size 
in  the  GOM  remains  838  mm  FL.  Mean  FL  at  recapture 
(Table  4)  was  largest  from  cobia  recaptured  in  North  Caro¬ 
lina,  South  Carolina,  and  Virginia  but  did  not  vary  greatly 
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Table  2 

Details  about  collection  of  samples  of  cobia  ( Rachycentron  canadum)  captured  in  the  Gulf  of  Mexico  and  Atlantic  Ocean  in  the 
southeastern  United  States  during  2005-2017  and  successfully  genotyped  for  inclusion  in  genetic  data  analyses.  Sample  sizes  are 
given  for  both  the  initial  partitioned  data  set  and  the  final  grouped  data  set. 


Code 

Location 

Collection  years 

Sample 

size 

Initial 

Final 

group  code 

TX 

Texas  (Corpus  Christi) 

2010-2011 

51 

MS 

Mississippi 

2010 

6 

FLW 

Florida  panhandle 

2008,  2017 

45 

FLS 

Florida  Keys 

2010,  2015 

9 

385 

GOM 

FLE1 

Boynton  Beach  to  Jupiter  Beach 

2016-2017 

36 

FLE2 

Hobe  Sound  to  Ft.  Pierce 

2011, 2015-2017 

238 

FLE3 

C  anaveral/Sebastian 

2014-2017 

77 

77 

FLE3 

FLGA 

Jacksonville,  FL,  to  Brunswick,  GA 

2009-2010,  2016-2017 

16 

GA 

Savannah 

2008-2009,  2012,  2014-2016 

34 

5U 

rlAjA 

SCOl 

Offshore  Port  Royal  Sound,  Betsy  Ross  Reef 

2009-2016 

430 

SC02 

Offshore  Charleston,  Murrels  Inlet,  Georgetown 

2007-2011,  2015-2017 

21 

SCO 

All  other  SC  offshore  samples 

2007-2009,  2014-2017 

615 

1291 

Atlantic  offshore 

NCOl 

Offshore  south  of  Cape  Hatteras 

2010, 2013-2014,  2016-2017 

35 

NOC2 

Offshore  at  and  north  of  Cape  Hatteras 

2008-2010,  2016-2017 

190 

SCI 

SC  inshore 

2005, 2007-2016 

834 

834 

SC  inshore 

NCI 

Inshore  area  around  Cape  Lookout 

2010, 2016-2017 

16 

NC2 

Inshore  area  of  Pamlico  Sound 

2010, 2016-2017 

41 

159 

NCVA  inshore 

VA 

VA  inshore 

2006-2008,  2017 

102 

from  zone  to  zone.  For  all  cobia  recaptures,  the  mean  num¬ 
ber  of  days  between  initial  tagging  and  recapture  (days 
at  large)  was  463  d  and  varied  slightly  depending  on  tag¬ 
ging  zone  (Table  5).  The  results  from  the  4  main  tagging 
zones,  Virginia,  South  Carolina,  Brevard  County  in  Flor¬ 
ida,  and  the  Florida  Keys,  generated  a  large  number  of 
recaptures  (n=90-351),  provided  information  relevant  to 
assessing  the  stock  boundary  between  GOM  and  western 
North  Atlantic  Ocean  cobia,  and  are  reported  herein.  The 
remaining  6  zones  provided  supplementary  data  that  are 
reflected  in  overall  summaries  of  movement.  References 
to  the  number  of  cobia  tagged  in  a  specific  region  or  time 
of  year  will  henceforth  refer  only  to  tagging  events  with  a 
subsequent  recapture  in  excess  of  30  d. 

Virginia 

All  cobia  in  the  Virginia  zone  were  tagged  within  the  Ches¬ 
apeake  Bay  or  immediately  adjacent  as  part  of  an  annual 
spawning  aggregation  (Richards,  1967)  that  occurs  during 
summer  (n=351).  Peak  interactions  occur  over  a  relatively 
brief  period,  and  most  fish  were  captured  during  June- 
August,  when  91%  (n=321)  of  tagging  events  and  88% 
(n= 277)  of  recaptures  took  place.  In  contrast,  only  1% 
(n= 4)  of  cobia  tagging  events  and  2%  {n- 6)  of  recaptures 
occurred  during  October-April.  Cobia  tagged  in  this  zone 
were  largely  recaptured  in  the  same  zone  (n=293,  84%) 
in  subsequent  years  and  often  in  close  proximity  to  the 
tagging  location  (Fig.  3).  There  was  considerable  exchange 
between  the  Chesapeake  Bay  and  the  North  Carolina 


Outer  Banks,  with  Chesapeake  Bay  fish  tagged  during 
July-September  being  recaptured  in  North  Carolina 
during  April-July  (n=34)  or  October-December  (n=8).  In 
total,  95%  of  cobia  tagged  in  Virginia  were  recaptured  in 
the  Virginia  or  North  Carolina  zones.  A  similar  pattern 
occurred  with  cobia  tagged  off  North  Carolina,  where  86% 
(n=18)  were  eventually  recaptured  in  the  Chesapeake 
Bay.  A  small  subset  of  cobia  tagged  in  the  Chesapeake 
Bay  during  summer  were  also  recaptured  off  the  east 
coast  of  Florida  (north  of  Brevard/Brevard  zones)  during 
late  fall-winter  (n- 2)  or  spring  (n= 6).  Three  cobia  were 
also  recaptured  in  the  GOM,  after  2-4  years  at  large.  The 
furthest  of  these  recaptures  represents  a  movement  of  at 
least  2500  km  from  the  tagging  location.  Although  unex¬ 
pected,  these  long  distance  movements  are  consistent  with 
genetic  data  that  indicate  some  level  of  gene  flow  between 
GOM  and  western  North  Atlantic  Ocean  stocks. 

South  Carolina 

Historically,  cobia  annually  aggregate  in  3  South  Carolina 
estuaries,  Port  Royal,  Calibogue,  and  St.  Helena  Sounds, 
along  with  coastal  waters  from  roughly  0-30  km  offshore 
during  April-June.  The  majority  of  South  Carolina  cobia 
(n=128)  were  tagged  within  Port  Royal  Sound  during  these 
aggregations  (n= 112,  88%).  Peak  interactions  in  South 
Carolina  coastal  waters  are  brief.  Over  90%  of  tagging 
(n=117)  and  recaptures  (n=lll)  occurred  during  April- 
July,  whereas  only  2%  (n= 2)  of  tagging  and  3%  (n= 3)  of 
recaptures  occurred  in  Qctober-March.  As  in  Virginia,  the 
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Map  of  study  area  showing  the  18  genetic  sample  groupings  used  in  analyses  for  cobia  (Rachycen- 
tron  canadum )  collected  in  the  Atlantic  Ocean  off  the  southeastern  United  States  during  1988- 
2017.  Groupings  were  determined  on  the  basis  of  natural  latitudinal  breaks  in  the  collection  data. 
Abbreviations  for  group  locations  are  given  in  Table  2. 


Table  3 

Mean  fork  length  (FL)  at  tagging,  by  tagging  zone,  of  cobia 
(Rachycentron  canadum)  sampled  from  1988  through 
2017.  The  tagging  zones  of  Georgia  (n=l)  and  north  of 
Brevard  County,  Florida  (n= 2),  were  excluded  because  of 
small  sample  sizes.  Standard  deviations  (SDs)  are  given 
for  means.  GOM=Gulf  of  Mexico. 

Tagging  zone 

Mean  FL  (mm) 

Virginia 

853  (SD  9) 

North  Carolina 

803  (SD  19) 

South  Carolina 

825  (SD  10) 

Brevard  County 

774  (SD  15) 

South  of  Brevard 

740  (SD  30) 

Florida  Keys 

750  (SD  6) 

GOM 

764  (SD  25) 

Total 

786  (SD  19) 

Table  4 

Mean  fork  length  (FL)  at  recapture,  by  recapture  zone,  of 
cobia  ( Rachycentron  canadum)  sampled  from  1988  through 
2017.  The  recapture  zones  of  north  of  Virginia  (sample  size 
[ft] =2)  and  Georgia  (n= 5)  were  excluded  because  of  small 
sample  sizes.  Standard  deviations  (SDs)  are  given  for 
means.  GOM=Gulf  of  Mexico. 

Recapture  zone 

Mean  FL  (mm) 

Virginia 

964  (SD  10) 

North  Carolina 

1008  (SD  29) 

South  Carolina 

985  (SD  13) 

North  of  Brevard 

957  (SD  19) 

Brevard 

921  (SD  21) 

South  of  Brevard 

972  (SD  20) 

Florida  Keys 

903  (SD  8) 

GOM 

935  (SD  6) 

majority  of  South  Carolina  cobia  were  recaptured  within 
the  South  Carolina  zone  (n=112,  87.5%)  in  subsequent 
years  and  in  close  proximity  to  the  tagging  location  (Fig.  3). 
Cobia  tagged  in  South  Carolina  were  also  recaptured  off 
the  east  coast  of  Florida  (north  of  Brevard/Brevard), 


primarily  during  November- April  (zz=12).  In  total,  98%  of 
cobia  tagged  in  South  Carolina  were  recaptured  there  or 
in  the  north  of  Brevard/Brevard  zones.  One  cobia  tagged 
within  Port  Royal  Sound  was  recaptured  in  the  GOM  off 
the  central  coast  of  Florida  after  2  years  at  large. 
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Table  5 

Mean  number  of  days  between  initial  tagging  and  recap¬ 
ture  (days  at  large),  by  tagging  zone,  for  cobia  ( Rachycen¬ 
tron  canadum)  captured  and  tagged  between  1988  and 
2017.  Standard  deviations  (SDs)  are  given  for  means. 
GOM=Gulf  of  Mexico. 


Tagging  zone 


Virginia 
North  Carolina 
South  Carolina 
Brevard  County 
South  of  Brevard 
Florida  Keys 
GOM 
Total 


Mean  days  at  large 


539  (SD  25) 
766 (SD  190) 
496  (SD  33) 
400  (SD  38) 
430  (SD  86) 
362  (SD  22) 
449  (SD  13) 
464  (SD  10) 


Brevard  County,  Florida 

Of  the  90  recaptures  from  the  Brevard  zone,  the  majority 
(n= 56,  62%)  were  tagged  during  March-April,  and  31% 
(/t=18)  of  recaptures  occurred  then  as  well.  However,  in 
contrast  to  the  Virginia  and  South  Carolina  zones,  cobia 
were  available  over  a  long  period,  and  tagging  occurred  in 
every  month  of  the  year  excluding  September.  Addition¬ 
ally,  recaptures  occurred  in  the  Brevard  zone  during  every 
month  of  the  year.  Cobia  tagged  in  the  Brevard  zone  were 
also  recaptured  over  a  very  wide  geographic  area,  from 
Texas  to  New  Jersey,  and  recaptures  of  Brevard-tagged 
cobia  occurred  in  every  zone  (Fig.  3).  Recaptures  in  the 
Brevard  zone  occurred  from  cobia  tagged  from  Louisiana  to 
Virginia.  Unlike  in  Virginia  and  South  Carolina,  where  the 
majority  of  cobia  were  recaptured  in  the  same  zone  where 
tagging  occurred,  only  37%  (n=33)  of  the  cobia  tagged  in 
the  Brevard  zone  were  also  recaptured  in  the  Brevard 


Figure  3 

Maps  of  study  area  showing  the  sites  where  cobia  ( Rachycentron  canadum)  were  recaptured  after  being  tagged  in  1988-2017 
in  4  zones:  (A)  Virginia,  including  all  waters  of  the  Chesapeake  Bay,  (B)  South  Carolina,  (C)  Brevard  County,  Florida,  and 
(D)  Florida  Keys.  A  rectangle  indicates  the  general  tagging  location  in  each  zone. 
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zone.  The  next  largest  group  of  exchange  was  the  GOM, 
where  22%  (77=20)  of  recaptures  occurred.  Cobia  tagged 
in  Brevard  in  January-March  were  largely  recaptured  in 
the  GOM  during  April-May.  Exchange  also  occurred  with 
the  south  of  Brevard  and  Florida  Keys  zones  (77=14,  16% 
collectively),  north  of  Brevard  (n=10,  11%),  and  the  zones 
north  of  the  Florida  border  (77=13,  14%  collectively). 

Florida  Keys 

In  a  pattern  similar  to  that  of  the  Brevard  zone,  cobia 
were  tagged  (77= 181)  and  recaptured  during  every  month 
of  the  year  in  this  zone.  The  majority  of  tagging  events 
( 77=109, 60%)  and  recaptures  ( 77=113, 56%)  occurred  during 
December-March.  Only  18%  (z?  =32)  of  tagging  events  and 
21%  ( n=43)  of  recaptures  occurred  during  June-October. 
Most  fish  tagged  in  the  Florida  Keys  zone  were  recaptured 
in  the  same  zone  (77=104,  57%),  often  in  close  proximity 
to  the  tagging  location  (Fig.  3).  The  next  greatest  area  of 
exchange  was  the  GOM  zone  (77=66,  37%),  with  most  recap¬ 
tures  occurring  during  April  and  May.  Conversely,  of  the 
201  cobia  recaptured  in  the  Florida  Keys  zone,  45%  (z?=90) 
were  originally  tagged  in  the  GOM.  Cobia  tagged  in  the 
Florida  Keys  zone  were  recaptured  in  the  GOM  from  Texas 
to  the  west  coast  of  Florida,  and  recaptures  from  the  Flor¬ 
ida  Keys  and  GOM  zones  collectively  account  for  94%  of  all 
recaptures  for  this  group.  The  remaining  6%  (77= 10)  were 
recaptured  on  the  east  coast  of  Florida  (Brevard/south  of 
Brevard  zones).  To  date,  no  cobia  tagged  in  the  Florida 
Keys  zone  have  been  recaptured  north  of  Cape  Canaveral, 
and  no  cobia  tagged  north  of  Florida  on  the  East  Coast 
have  been  recaptured  in  the  Florida  Keys  zone. 

Tagging  summary 

Cobia  tagged  in  the  GOM  were  captured  in  the  western 
North  Atlantic  Ocean  ( 77=59,  6%)  and  cobia  tagged  in  the 
western  North  Atlantic  Ocean  were  recaptured  in  the  GOM 
(77=26,  4%)  in  relatively  small  numbers.  However,  most  of 
this  exchange  occurred  between  the  GOM  and  the  east 
coast  of  Florida.  Movements  of  cobia  tagged  north  of  Florida 
to  the  GOM  (t7=4,  0.6%)  and  from  the  GOM  to  north  of  Flor¬ 
ida  (?i=4,  0.4%)  were  very  rare.  Movements  of  fish  tagged 
above  the  current  stock  delineation  at  the  border  of  Flor¬ 
ida  and  Georgia  to  the  north  of  Brevard  and  Brevard  zones 
in  northern  and  central  Florida  (77=21,  4%)  and  vice  versa 
(77=14,  14%)  were  somewhat  more  common.  Evaluating  the 
frequency  of  recaptures  by  recapture  location  can  provide 
information  on  the  seasonal  availability  and  susceptibil¬ 
ity  of  cobia  to  the  fishery  during  the  period  of  the  study.  In 
the  northern  area,  from  Georgia  through  the  Mid-Atlantic 
region,  cobia  were  mostly  recaptured  during  May-August 
(77=434,  88%)  with  a  peak  in  June  (n=144,  Table  6).  In  the 
GOM,  cobia  were  present  for  a  slightly  longer  period  with 
recaptures  mostly  occurring  between  April  and  September 
(77=767,  84%),  peaking  in  April  (77=164).  In  contrast  to  the 
areas  from  Georgia  to  the  north  and  the  GOM,  cobia  recap¬ 
tures  along  the  east  coast  of  Florida  and  the  Florida  Keys 
occurred  throughout  the  year,  with  no  clear  temporal  peaks. 


Table  6 

Number  of  cobia  ( Rachycentron  canadum)  recaptured  by 
month  from  1988  through  2017  for  3  regions  along  the 
southeastern  coast  of  the  United  States.  GOM=Gulf  of 
Mexico. 

East  Florida  and 

North  of 

Month 

GOM 

Florida  Keys 

Florida 

January 

11 

41 

2 

February 

12 

39 

1 

March 

28 

61 

1 

April 

165 

35 

18 

May 

141 

24 

103 

June 

139 

15 

144 

July 

127 

23 

112 

August 

111 

20 

75 

September 

85 

10 

26 

October 

58 

18 

7 

November 

26 

20 

3 

December 

11 

34 

3 

Genetics 

A  total  of  2796  samples  meeting  our  selection  criteria  were 
successfully  genotyped  for  inclusion  in  data  analyses;  col¬ 
lection  years  for  samples  included  2005  through  2017 
(Table  2).  Only  a  single  duplicate  sample  and  39  hatchery- 
produced  fish  occurred  within  the  original  data  set.  No 
large  family  groups  (>3  siblings)  were  present  within  the 
data  set,  and  only  12  fullsib  pairs  were  identified  (P=1.0); 
therefore,  no  confounding  effects  from  family  structure  are 
anticipated  in  further  analyses. 

Results  from  multiple  rounds  of  hierarchical  STRUC¬ 
TURE,  initial  pairwise  •^'sT>  and  HWE  analyses  support 
the  notion  of  a  genetically  distinct  South  Carolina  inshore 
population  and  a  homogenous  GOM  population  ranging 
from  Texas  through  the  Ft.  Pierce,  Florida,  area  (FLE2) 
(Fig.  4).  Additionally,  the  Virginia  and  inshore  North  Car¬ 
olina  (NCI,  NC2)  samples  represented  a  distinct  genetic 
grouping,  as  did  the  combined  offshore  South  Carolina 
and  North  Carolina  samples  (SCO,  SCOl,  SC02,  NCOl, 
NC02)  (Fig.  4).  Samples  from  Cape  Canaveral,  Florida, 
through  Savannah,  Georgia,  had  genetic  similarities 
with  samples  from  collection  locations  both  to  the  north 
(SCOs)  and  to  the  south  (FLE2)  and  appeared  to  reflect 
a  geographic  transition  zone  in  the  STRUCTURE  analy¬ 
ses  (Fig.  4).  As  such,  the  iterative  AMOVA  were  employed 
to  evaluate  potential  breaks  in  gene  flow  within  the  area, 
including  all  potential  locations  from  those  of  Atlantic 
Ocean  offshore  (SCOs,  NCOs)  and  Savannah  (GA)  sam¬ 
ples  through  those  of  Jupiter  Beach  (FLEl)  and  Hobe 
Sound  (FLE2)  in  Florida.  Results  indicate  that  the  stron¬ 
gest  significant  break  (jRst=0.0073,  P=0.001)  among  the 
groupings  occurred  with  the  separation  between  the  Cape 
Canaveral  (FLE3)  and  Jacksonville,  Florida/Brunswick, 
Georgia  (FLGA)  locations,  explaining  0.73%  of  the  varia¬ 
tion  in  the  data  set.  However,  grouping  scenarios  between 
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Figure  4 

Genetically  determined  population  ancestry  plots  for  cobia  ( Rachycentron  canadum)  collected  in  the 
Gulf  of  Mexico  (GOM)  and  Atlantic  Ocean  off  the  southeastern  United  States  in  2006-2017,  produced 
by  using  the  program  STRUCTURE.  Each  vertical  bar  represents  an  individual  in  the  plot  with 
shades  or  colors  indicating  percent  ancestry  to  each  genetic  group.  Genetic  groupings  or  collections, 
as  presented  in  Table  2,  are  geographically  oriented  from  Texas  (TX)  on  the  left  to  Virginia  inshore 
(VA)  on  the  right.  (A)  Results  for  the  complete  data  set  when  the  number  of  distinct  populations  (K) 
was  2,  with  the  South  Carolina  inshore  (SCI)  collection  identified  as  distinct  from  the  remaining  data. 
(B)  Results  for  the  data  set  that  excludes  the  SCI  samples,  indicating  distinct  populations  {K=  4)  for 
the  GOM  and  Florida  groupings  (TX-FEL2)  and  the  North  Carolina  inshore  (NCI)  and  VA  groupings. 
Analyses  of  samples  from  South  Carolina  and  North  Carolina  offshore  collections  (SCOs  and  NCOs) 
indicate  a  homogenous  population,  and  the  Cape  Canaveral,  Florida,  through  Savannah,  Georgia, 
collections  represent  a  transition  zone  as  indicated  by  the  dashed  oval.  (C)  Results  for  the  data  set 
that  excludes  SCI,  GOM,  and  east  coast  of  Florida  and  Georgia  groupings  (K=  2),  with  the  NCI  and 
VA  collections  grouped  together  and  with  a  distinct  population  (K=  1)  indicated  for  an  Atlantic  Ocean 
offshore  group  consisting  of  the  remaining  SCOs  and  NCOs. 


the  Atlantic  Ocean  offshore  (SCOs,  NCOs)  and  Savan¬ 
nah  (GA)  samples,  between  Savannah  (GA)  and  Jack- 
sonville-Brunswick  (FLGA)  samples,  and  between  Ft. 
Pierce  (FLE2)  and  Cape  Canaveral  (FLE3)  samples  were 
also  significant  but  not  as  strong  (f?ST=0. 0067-0. 0069, 
P=0. 004-0. 006),  explaining  0.67-0.69%  of  the  variation. 
The  last  AM  OVA  scenario  (break  between  Jupiter  Beach 
and  Hobe  Sound)  did  not  partition  a  significant  amount 
of  variation  among  groupings  (P=0.45Q).  Therefore,  the 
AMOVA  also  support  the  occurrence  of  a  transition  zone 
from  Cape  Canaveral  through  Savannah. 

Guided  by  these  analyses,  final  sample  groupings 
included  GOM,  South  Carolina  inshore,  North  Carolina- 
Virginia  inshore,  and  Atlantic  Ocean  offshore  populations, 
as  well  as  the  Cape  Canaveral  and  Jacksonville-Savannah 
groupings  (Table  2).  Due  to  the  lower  sample  sizes  from 
some  of  the  GOM  and  North  Carolina  inshore  collection 
locations,  deviations  from  HWE  were  evaluated  to  verify 
no  substructure  was  being  masked  within  these  regions. 
No  loci  were  out  of  HWE  within  the  GOM  population 
and  only  a  single  locus  was  out  of  HWE  (P<0.001)  in  the 
combined  North  Carolina  inshore  and  Virginia  data  set, 
supporting  the  groupings.  Pairwise  comparisons  among 


these  groupings  confirmed  significant  differences  between 
all  groupings  (P<0. 00001-0. 04),  except  comparisons  with 
the  Cape  Canaveral  and  Jacksonville-Savannah  group¬ 
ings  with  GOM  and  Atlantic  Ocean  offshore  populations 
(P=0.07-0.96).  Significant  genetic  differentiation  ranged 
from  an  i?STof  0.020  between  South  Carolina  inshore  and 
GOM  populations  to  an  PST  of  0.006  between  the  South 
Carolina  inshore  and  Atlantic  Ocean  offshore  populations 
(Table  7).  The  levels  of  genetic  differentiation  detected 
translated  into  effective  number  of  migrants  ranging  from 
0.2  to  10.0  individuals/year  between  these  populations. 
Therefore,  the  results  indicate  that  the  cobia  stock  bound¬ 
ary  is  occurring  somewhere  within  a  range  from  Cape 
Canaveral  to  northern  Georgia,  a  location  that  is  consis¬ 
tent  with  that  of  the  current  management  stock  boundary 
along  the  coast  of  the  southeastern  United  States. 

Discussion 

A  few  major  patterns  became  apparent  when  tagging  data 
were  evaluated  together.  Cobia  in  the  area  north  of  Florida 
were  seasonally  available  as  a  pulse  fishery  in  close  proximity 
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Table  7 

Ranked  Rsr  values  from  significant  pairwise  comparisons 
among  final  genetic  sample  groupings  of  cobia  ( Rachycen - 
tron  canadum )  with  effective  number  of  migrants  (Nem). 
Annual  calculations  are  based  on  a  generation  time  of  5-7 
years.  Examined  regions  include  South  Carolina  inshore 
(SC  inshore),  North  Carolina-Virginia  inshore  (NCVA 
inshore),  Gulf  of  Mexico  (GOM),  Jacksonville,  Florida, 
and  Savannah,  Georgia  (FLGA),  Cape  Canaveral,  Florida 
(FLE3),  and  Atlantic  Ocean  offshore. 


Pairwise  comparison 

Nem  Per 

Rst  generation 

Nem  per 
year 

SC  inshore-GOM 

0.020 

1.0 

0.2-0. 6 

SC  inshore-NCVA  inshore 

0.019 

12.9 

1.8-2. 6 

SC  inshore-FLE3 

0.015 

20.5 

2. 9-4. 2 

NCVA  inshore-GOM 

0.012 

20.6 

2.9-4. 1 

NCVA  inshore-FLGA 

0.011 

22.5 

3. 2-4. 5 

NCVA  inshore-FLE3 

0.009 

27.5 

3. 9-5. 5 

SC  inshore-FLGA 

0.009 

27.5 

3. 9-5. 5 

Atlantic  offshore-GOM 

0.007 

35.5 

5. 1-7.1 

SC  inshore-Atlantic  offshore 

0.006 

41.4 

5. 9-8. 3 

NCVA  inshore-Atlantic 

0.005 

49.8 

7.1-10.0 

offshore 


to  the  coast  during  spring  and  summer  and  are  largely  absent 
from  harvest  during  cooler  months.  One  group  of  cobia  moves 
through  coastal  North  Carolina  waters  in  May-June  and 
in  October  on  their  way  to  and  from  the  Chesapeake  Bay, 
although  some  cobia  aggregate  in  North  Carolina  estuaries 
as  well  (Smith,  1995).  Another  group  moves  into  the  south¬ 
ern  estuaries  of  South  Carolina  during  May  and  June.  Higher 
recapture  rates  in  the  Chesapeake  Bay  and  South  Carolina 
estuaries  indicate  that  fish  remain  within  these  systems  for 
extended  periods  of  time  and  may  have  historically  been  sub¬ 
ject  to  higher  fishing  pressure  than  other  areas,  such  as  the 
GOM,  where  recapture  rates  are  lower.  There  is  evidence  of 
some  exchange  between  cobia  tagged  in  South  Carolina  and 
Virginia  with  the  central  and  northeast  coast  of  Florida,  indi¬ 
cating  that  some  level  of  seasonal  migration  from  south  to 
north  occurs.  However,  Hendon  and  Franks3  described  poten¬ 
tial  inshore-offshore  seasonal  movements  in  the  northern 
GOM,  and  the  authors  believe  inshore-offshore  movements 
occur  in  the  western  North  Atlantic  Ocean  as  well.  A  move¬ 
ment  from  estuarine  or  nearshore  environments  to  deeper, 
warmer  offshore  waters  in  winter  may  explain  why  so  few 
fish  tagged  in  either  South  Carolina  or  Virginia  are  recap¬ 
tured  in  other  zones  and  are  so  frequently  recaptured  in  the 
same  locations  in  subsequent  years.  Cobia  moving  into  deeper 
waters  may  be  subject  to  reduced  fishing  pressure  and  there¬ 
fore  less  likely  to  be  recaptured  until  seasonally  moving  back 
into  natal  estuaries  or  nearshore  waters  where  more  concen¬ 
trated  fishing  effort  occurs.  Commercial  catch  data  (Wrege7) 


'  Wrege,  B.  M.  2018.  Spatial  and  temporal  distribution  of  cobia, 
Southeast  US  and  Gulf  of  Mexico.  SEBAR58-SID-10,  18  p. 
Southeast  Data  Assessment  and  Review  (SEDAR),  North 
Charleston,  SC.  [Available  from  website.] 


and  pop-up  satellite  archival  tagging  data  (Jensen  and 
Graves8)  provide  evidence  that  cobia  are  present  on  the  conti¬ 
nental  shelf  waters  of  North  Carolina,  South  Carolina,  Geor¬ 
gia,  and  north  Florida  in  winter.  Additionally,  cobia  fitted  with 
acoustic  transmitters  in  South  Carolina  and  Georgia  were 
completely  absent  from  detection  in  coastal  receiver  arrays  in 
winter  (Young  et  al.9),  indicating  movement  into  other  areas 
(i.e.,  deeper  water). 

There  is  strong  evidence  that  some  cobia  use  the  areas 
along  the  east  coast  of  Florida  and  the  Florida  Keys  as 
overwintering  locations  before  undertaking  a  seasonal 
migration  into  the  GOM  during  spring  and  summer,  as 
also  reported  by  Dippold  et  al.  (2017).  To  a  lesser  extent,  a 
similar  migration  occurs  between  central  and  north  Flor¬ 
ida  to  the  north  as  described  above.  However,  there  is  evi¬ 
dence  that  some  cobia  may  be  largely  resident  to  these 
locations  throughout  the  year.  Many  cobia  tagged  in  win¬ 
ter  have  been  recaptured  in  the  same  zone  in  summer  and 
vice  versa,  representing  fish  that  are  not  likely  undertak¬ 
ing  a  seasonal  migration  to  the  GOM  or  north  along  the 
Atlantic  coast. 

Although  it  has  been  speculated  that  the  Florida  Keys 
serve  as  an  overwintering  location  for  both  western  North 
Atlantic  Ocean  and  GOM  cobia  and  a  boundary  between 
the  2  stocks,  the  available  genetic  and  tagging  data  do 
not  support  that  conclusion.  A  segment  of  the  GOM  cobia 
stock  does  appear  to  overwinter  in  the  Florida  Keys  and 
migrate  into  the  northern  GOM  during  spring.  However, 
despite  movement  into  southeast  and  central  Florida,  no 
cobia  tagged  in  the  Florida  Keys  were  recaptured  north 
of  Cape  Canaveral.  Franks  et  al.  (1991),  Hammond10, 
and  Dippold  et  al.  (2017)  describe  routine  movements 
of  cobia  between  the  GOM  and  western  North  Atlantic 
Ocean.  However,  virtually  all  of  these  movements  occurred 
between  the  GOM  and  the  southeast  and  central  coasts 
of  Florida.  This  finding  is  supported  by  the  results  of  the 
genetic  analysis,  indicating  that  cobia  collected  from  the 
Florida  Keys  and  southeast  coast  of  Florida  were  geneti¬ 
cally  similar  to  those  collected  throughout  the  GOM.  Anal¬ 
yses  of  our  robust  microsatellite  data  set  indicates  that  a 
genetic  break  occurs  somewhere  between  Cape  Canaveral 
and  northern  Georgia.  Tagging  results  indicate  that  cobia 
tagged  near  Cape  Canaveral  distribute  widely  to  both  the 
GOM  and  north  of  Florida,  with  greater  dispersal  to  the 
GOM.  These  results  indicate  that  the  area  around  Cape 
Canaveral  serves  as  a  transitional  area  for  GOM  and  west¬ 
ern  North  Atlantic  Ocean  cobia.  Although  we  are  confident 


8  Jensen,  D.,  and  J.  Graves.  2018.  Use  of  pop-up  satellite  archival 
tags  (PSATs)  to  investigate  the  movements,  habitat  utilization, 
and  post-release  survival  of  cobia  (Rachycentron  canadum )  that 
summer  in  Virginia  waters.  SEDAR58-SID-02, 12  p.  Southeast 
Data  Assessment  and  Review  (SEDAR),  North  Charleston,  SC. 
[Available  from  website.] 

9  Young,  J.,  M.  Perkinson,  K.  Brenkert,  E.  Reyier,  and  J.  Whitting¬ 
ton.  2018.  Cobia  telemetry  working  paper.  SEDAR58-SID-08, 
15  p.  Southeast  Data  Assessment  and  Review  (SEDAR),  North 
Charleston,  SC.  [website.] 

10  Hammond,  D.  L.  2001.  Status  of  the  South  Carolina  fisheries 
for  cobia.  South  Carolina  Dep.  Nat.  Resour.,  Mar.  Resour.  Div., 
Tech.  Rep.  89,  22  p. 
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that  Cape  Canaveral  falls  within  this  transitional  area, 
genetic  and  tag-recapture  data  for  northern  Florida  and 
Georgia  are  limited,  making  it  difficult  to  determine  how 
far  this  transition  extends  to  the  north. 

The  area  around  Cape  Canaveral  is  a  well-studied 
phylogeographic  break  for  many  species  (Burton,  1998; 
Hellberg  et  al.,  2002).  Species  that  either  terminate  their 
southern  range  or  show  a  divergence  in  genetics  in  this 
area  include  the  Eastern  oyster  ( Crassostrea  virginica) 
(Reeb  and  Avise,  1990),  Atlantic  menhaden  ( Brevoor - 
tia  tyrannus )  and  black  sea  bass  ( Centropristis  striata ) 
(Bowen  and  Avise,  1990),  and  American  horseshoe  crab 
(Limulus  polyphemus)  and  oyster  toadfish  ( Opsanus  tau) 
(Avise,  1992).  The  region  marks  the  transition  from  a 
temperate  to  a  subtropical  climate  where  the  Gulf  Stream 
diverges  from  the  coastline  (Avise,  1992),  with  potential 
implications  for  the  distribution  of  eggs  and  larvae.  Dif¬ 
ferences  in  water  temperature  between  the  areas  north 
and  south  of  Cape  Canaveral  may  also  have  an  impact  on 
the  migratory  behavior  of  cobia.  Oceanographic  tempera¬ 
ture  data  from  the  NOAA  National  Data  Buoy  Center 
indicate  that  the  coastal  waters  at  and  just  north  of  Cape 
Canaveral  are  the  southernmost  location  along  the  U.S. 
Atlantic  coast  where  coastal  mean  water  temperatures 
routinely  fall  below  20°C  during  winter.  The  waters  off¬ 
shore  or  south  of  Cape  Canaveral  through  the  Florida 
Keys  typically  remain  above  20°C  throughout  the  year. 
These  moderate  winter  water  temperatures  may  explain 
why  some  cobia  in  these  waters  do  not  appear  to  make 
long  migrations  and  may  be  found  there  year-round.  By 
contrast,  coastal  waters  north  of  Cape  Canaveral  regu¬ 
larly  fall  below  20°C  and  result  in  the  movement  of  cobia 
into  more  southerly  waters,  deeper  waters,  or  a  combina¬ 
tion  of  both. 

The  transitional  area  occurring  within  the  range  of 
Cape  Canaveral  to  northern  Georgia  appears  to  serve  as 
a  major  division  between  GOM  and  western  North  Atlan¬ 
tic  Ocean  stocks.  The  complete  population  structure  and 
migratory  patterns  of  GOM  and  Atlantic  Ocean  cobia  is 
likely  more  complex.  Tag-recapture  data  indicate  multiple 
migratory  behaviors  and  geographic  partitioning  of  cobia 
in  the  Atlantic  Ocean  group  underscored  by  the  lack  of 
exchange  between  cobia  tagged  in  Virginia  or  North  Car¬ 
olina  and  cobia  tagged  in  South  Carolina.  Hendon  and 
Franks3  suggested  multiple  migratory  patterns  from  cobia 
tagged  in  the  GOM  as  well.  These  complicated  migra¬ 
tory  patterns  are  further  supported  by  genetic  analysis. 
Darden  et  al.  (2014)  found  evidence  of  distinct  population 
segments  within  the  western  North  Atlantic  Ocean  stock. 
Although  our  study  found  no  genetic  differences  through¬ 
out  the  GOM  stock,  increased  sample  sizes  in  the  Flor¬ 
ida  Keys  and  northern  GOM  locations  could  potentially 
provide  greater  resolution  into  the  genetic  population 
structure  of  cobia  in  these  areas.  Current  projects  that 
use  acoustic  and  satellite  telemetry,  as  well  as  additional 
genetic  and  conventional  tagging  data,  when  evaluated  in 
concert,  will  increase  our  understanding  of  cobia  structure 
on  a  regional  level  and  benefit  the  assessment  and  man¬ 
agement  process  moving  forward. 
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Abstract— -Blackspotted  rockfish 
( Sebastes  melanostictus )  and  rougheye 
rockfish  (S.  aleutianus )  are  sympat- 
ric  species  found  in  the  North  Pacific 
Ocean.  However,  these  species  were  not 
identified  as  separate  taxa  until  the 
mid-2000s,  and  they  remain  difficult  to 
differentiate  in  the  field.  These  species 
are  managed  as  a  single  mixed  stock 
despite  the  fact  that  the  North  Pacific 
Fisheries  Management  Council  rates 
them  as  Tier  3  species,  meaning  that 
an  individual  assessment  including  his¬ 
torical  data  is  required  for  each.  In  this 
study,  we  developed  a  technique  that 
distinguishes  these  species  on  the  basis 
of  otolith  morphology  and  age,  allow¬ 
ing  both  old  and  new  collections  to  be 
identified  to  the  correct  species.  Tissue 
samples  and  otoliths  were  collected 
from  1847  specimens  during  survey 
seasons  in  2009  and  2013.  Tissue  sam¬ 
ples  were  identified  genetically  to  spe¬ 
cies  by  using  the  Sma6  microsatellite 
locus.  We  used  morphometries,  weight, 
and  age  from  859  otoliths  to  develop  a 
logistic  regression  model  that  identi¬ 
fied  97.3%  of  blackspotted  rockfish  and 
86.2%  of  rougheye  rockfish.  Otolith 
shape  analysis  distinguishes  rougheye 
rockfish  and  blackspotted  rockfish  and 
can  allow  for  more  focused  manage¬ 
ment  of  these  species. 
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The  blackspotted  rockfish  (Sebastes 
melanostictus)  and  rougheye  rockfish 
( S .  aleutianus )  are  2  of  the  largest  and 
longest-lived  rockfish  species  found  in 
the  N orth  Pacific  Ocean. The  distribution 
of  blackspotted  rockfish  stretches  along 
the  western  coasts  of  the  United  States 
and  Canada  from  Northern  California 
to  the  Gulf  of  Alaska  and  across  the 
Aleutian  Islands  and  North  Pacific 
Ocean  to  as  far  as  Japan.  The  rougheye 
rockfish  ranges  from  California  to  the 
Aleutian  Islands  (Orr  and  Hawkins, 
2008).  They  are  2  of  72  rockfish  species 
found  in  the  North  Pacific  Ocean  (Love 
et  ah,  2002).  Although  not  targeted, 
rougheye  rockfish  and  blackspotted 
rockfish  occur  as  incidental  catches 
in  several  major  fisheries  in  the  Gulf 
of  Alaska,  Bering  Sea,  and  Aleutian 
Islands.  Their  slow  population  growth 
and  late  maturation  make  them  vul¬ 
nerable  to  overfishing  (Ormseth  and 
Spencer,  2011).  These  species  are  sym- 
patric  throughout  the  waters  of  Alaska, 
the  coasts  of  British  Columbia,  Canada, 
and  the  West  Coast  of  the  United  States, 


and  they  have  only  subtle  morpho¬ 
logical  differences  (Orr  and  Hawkins, 
2008).  Difficulties  in  accurately  iden¬ 
tifying  these  species  have  complicated 
research  into  their  life  history  and 
ecology.  Although  both  species  are 
managed  as  a  mixed  stock  at  present, 
separation  of  the  stock  into  individual 
species  would  be  a  major  improvement 
in  future  assessments  (Hicks  et  al., 
2014;  Shotwell  et  al.,  2017). 

Jordan  and  Evermann  (1898)  first 
described  S.  aleutianus,  but  it  was 
not  until  36  years  later  that  Matsub- 
ara  (1934)  described  a  similar  species, 
S.  melanostictus.  However,  subsequent 
researchers  reexamined  the  issue  and 
found  only  1  species  with  significant 
variation  in  body  coloration  (Barsukov, 
1970;  Kanayama  and  Kitagawa,  1982). 
A  series  of  recent  projects  has  since 
noted  a  genetic  split  within  the  species 
S.  aleutianus,  first  on  the  basis  of  pro¬ 
tein  allozymes  (Seeb,  1986;  Hawkins 
et  al.,  2005)  and  subsequently  by  using 
mitochondrial  DNA  and  microsatel¬ 
lites  (Gharrett  et  al.,  2005;  Gharrett 
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et  al.,  2006).  In  this  research,  the  2  species,  which  were 
referred  to  as  Type  I  and  Type  II,  have  a  fixed  difference  at 
the  Sma6  microsatellite  locus  (Gharrett  et  al.,  2005).  Orr 
and  Hawkins  (2008)  subsequently  resurrected  S.  mela¬ 
nostictus  for  the  blackspotted  rockfish  following  a  detailed 
morphological  study.  Orr  and  Hawkins  (2008)  also  devel¬ 
oped  a  discriminant  model  for  identifying  the  2  species 
with  97.8%  total  accuracy.  Unfortunately,  this  method 
relies  on  careful  caliper  measurements  of  several  morpho¬ 
logical  features,  such  as  the  gill  rakers,  dorsal  spines,  and 
pelvic  fin  rays.  As  such,  this  method  has  not  been  widely 
adopted  for  use  with  large-scale  stock  assessment  surveys, 
and  a  quick  and  accurate  method  for  distinguishing  these 
species  in  the  field  remains  elusive. 

At  sea,  blackspotted  rockfish  can  often  be  distinguished 
by  black  markings  on  the  body,  but  these  spots  vary  in 
number  and  intensity.  Rougheye  rockfish  often  have 
some  minor  spotting  or  dark  coloration,  such  that  there 
is  considerable  overlap  in  the  color  patterns  of  the  spe¬ 
cies.  Experienced  field  scientists  can  separate  them  with 
a  moderate  level  of  accuracy,  but  fishery  observers  and 
other  personnel  do  not  attempt  to  identify  these  species. 
The  genus  Sebastes  has  been  found  to  have  several  cryp¬ 
tic  species  of  similar  appearance,  but  they  have  different 
habitat  preferences  and  require  different  management 
measures  (Hyde  et  al.,  2008).  Consequently,  in  some  areas 
the  fishery  catch  is  predominantly  blackspotted  rockfish 
(Orr  and  Hawkins,  2008).  If  the  catch  is  not  evenly  distrib¬ 
uted,  managing  these  species  jointly  runs  the  risk  of  caus¬ 
ing  detrimental  effects  to  the  more  vulnerable  population 
(Hawkins  et  al.,  2005). 

Otoliths  are  found  as  3  paired  sets  of  calcium  carbon¬ 
ate  structures  in  the  inner  ear  of  teleost  fish  species  and 
function  in  hearing,  balance,  and  orientation.  In  rockfish 
species,  the  sagittae  are  the  largest  of  the  otoliths 
and  are  most  frequently  collected  for  age  deter¬ 
mination.  Age  estimates  are  obtained  by  exam¬ 
ining  sectioned  otoliths  under  a  microscope,  and 
ages  obtained  this  way  have  been  validated  by 
using  radiometric  dating  in  a  number  of  species 
(Hutchinson  et  al.,  2007;  Kastelle  et  al.,  2008). 

Because  otoliths  from  different  populations  may 
have  unique  shapes,  the  analysis  of  otolith  data  is 
a  popular  method  for  distinguishing  similar  spe¬ 
cies  (Sadighzadeh  et  al.,  2012)  or  different  stocks 
within  a  species  (Campana  and  Casselman,  1993; 

Hicks  et  al.,  2003). 

The  purpose  of  this  study  was  to  develop  a 
mathematical  method  that  accurately  separates 
the  rougheye  and  blackspotted  rockfish  species  on 
the  basis  of  their  otolith  morphometries  and  other 
data  that  are  collected  in  the  biennial  fishery- 
independent  surveys  conducted  by  the  NOAA 
Alaska  Fisheries  Science  Center  (AF3C)  in  the 
Gulf  of  Alaska.  Because  diagnostic  genetic  mark¬ 
ers  have  been  developed  (Gharrett  et  al.,  2005),  it  is 
possible  to  correctly  identify  a  specimen  to  species 
and  to  use  these  genetically  identified  specimens 
to  construct  and  validate  a  discrimination  method 


based  on  otolith  morphology.  This  model  will  be  used  to  sep¬ 
arate  the  2  species  in  AFSC  fishery-dependent  collections 
and  to  verify  field  identifications  made  on  stock  assessment 
surveys.  An  otolith-based  discrimination  method  would 
give  scientists  access  to  over  30  years  of  AFSC  archived 
otolith  collections  that  were  not  separated  by  species  until 
2006  and  would  greatly  increase  the  data  for  each  species. 

Materials  and  methods 
Sampling 

Otoliths  were  collected  from  rougheye  rockfish  and  black¬ 
spotted  rockfish  sampled  from  the  Gulf  of  Alaska  in  the 
summers  of  2009  and  2013  during  AFSC  survey  cruises  on 
contracted  fishing  vessels  (Fig.  1).  During  2009  and  2013, 
AFSC  scientists  collected  945  and  902  fish,  respectively. 
At  the  time  of  capture,  each  sampled  rockfish  was  mea¬ 
sured  and  weighed,  its  sex  was  determined,  and  its  otoliths 
were  removed  and  stored  in  50%  glycerol-thymol  solution. 
Fin  clips  were  taken  from  each  fish  and  stored  in  20% 
dimethyl  sulfoxide  and  80%  0.25-M  EDTA  solution. 

Genetic  analysis 

Fin  clips  were  sent  to  the  AFSC  Auke  Bay  Laboratories  in 
Juneau,  Alaska,  for  genetic  analysis.  These  samples  were 
genotyped  according  to  the  methods  published  in  Wim- 
berger  et  al.  (1999).  The  Sma6  locus  has  been  shown  to 
clearly  delineate  rougheye  and  blackspotted  rockfish  spe¬ 
cies,  with  each  species  homozygous  having  a  unique  allele 
in  more  than  99.7%  of  all  specimens  (Gharrett  et  al.,  2005). 
The  field  identifications  were  compared  with  the  genetic 
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identification  to  estimate  the  accuracy  of  survey  personnel 
in  field  conditions.  Specimens  that  could  not  be  conclusively 
genetically  identified  were  removed  from  further  analysis. 

Measurements  and  statistical  analysis 

Otoliths  were  prepared  for  measurements  by  blotting  them 
dry  and  placing  them  under  a  dissecting  microscope.  The 
otoliths  were  viewed  distal  side  facing  up  on  a  black  back¬ 
ground  at  a  magnification  of  6.3x.  Image-Pro  Plus1  software 
(vers.  7;  Media  Cybernetics,  Inc.,  Rockville,  MD)  was  used  to 
capture  otolith  images,  calculate  each  otolith’s  area,  perime¬ 
ter,  Feret  length,  and  Feret  width,  and  determine  the  length 
and  width  of  each  otolith  from  lines  intersecting  at  the  cen¬ 
ter  of  the  otolith  core  (major  and  minor  axes)  (Tuset  et  al., 
2003).  Otolith  weight  was  taken  to  the  nearest  thousandth 
of  a  gram  by  using  a  Sartorius  milligram  balance  (Sartorius 
AG,  Gottingen,  Germany).  Measurements  were  imported 
to  Microsoft  Excel  2010  (Microsoft  Corp.,  Redmond,  WA). 
The  first  72  blackspotted  rockfish  and  90  rougheye  rockfish 
were  tested  for  asymmetry  between  their  left  and  right  oto¬ 
liths.  This  test  found  no  significant  differences  (multivariate 
analysis  of  variance:  P=0.122),  and  during  the  remainder 
of  the  study  no  distinction  was  made  between  left  or  right 
otoliths.  Otolith  age  was  read  by  scientists  from  the  AFSC 
Age  and  Growth  Program  in  accordance  with  established 
protocols  (Matta  and  Kimura,  2012). 

Initial  analysis  of  the  data  indicated  potential  differ¬ 
ences  between  the  species  in  terms  of  otolith  size  versus 
age.  The  significance  of  these  trends  in  otolith  shape  or 
otolith  weight  were  compared  in  each  species  through 
regression  analysis  of  the  form  shown  in  this  equation: 

Variable  =  Intercept  +  f3j  Species  +  (32log10Age 

+  P3Species  x  log10Ag-e  +  e,  1 

where  (3  =  the  estimated  coefficient  for  each  model  term; 
Species  =  the  genetic  identification  for  each  specimen  as 
a  categorical  variable; 

\og10Age  =  the  log-transformed  age  of  the  specimen;  and 
e  =  an  error  term  with  a  normal  distribution. 

Seven  variables  were  modeled:  area,  perimeter,  otolith 
length,  otolith  width,  major  axis  length,  minor  axis  length, 
and  otolith  weight.  A  log  transformation  was  applied  to 
otolith  ages  to  render  these  comparisons  as  a  linear  rela¬ 
tionship.  A  £-test  with  a  Bonferroni  correction  was  applied 
to  judge  the  significance  of  all  regression  parameters. 
Additionally,  the  von  Bertalanffy  growth  function  (von 
Bertalanffy,  1938)  was  used  to  model  the  relationship  of 
age  to  fork  length: 

Fork  length  =  L„  (l  -  e“K(Age_to)),  (2) 

where  =  mean  asymptotic  length; 

K  =  the  growth  coefficient;  and 

t0  -  the  time  or  age  when  mean  length  was  zero. 


1  Mention  of  trade  names  or  commercial  companies  is  for  identi¬ 
fication  purposes  only  and  does  not  imply  endorsement  by  the 
National  Marine  Fisheries  Service,  NOAA. 


Linear  models  were  fit  by  using  the  lm  function  in  sta¬ 
tistical  software  R  (vers.  3.3.3;  R  Core  Team,  2017),  and 
parameters  of  the  the  von  Bertalanffy  growth  function 
were  estimated  by  using  the  nls  function  in  R. 

Logistic  regression  is  a  standard  statistical  tool  that  can 
be  used  to  assign  classification  probabilities  on  the  basis 
of  a  variety  of  parameters  (McCullagh  and  Nelder,  1989). 
For  otolith  morphometries,  the  function  calculates  a  prob¬ 
ability  (P)  between  0  and  1  that  corresponds  to  the  likeli¬ 
hood  that  a  given  otolith  is  from  a  rougheye  rockfish  and 
probability  (1-P)  that  the  otolith  is  from  a  blackspotted 
rockfish.  The  advantage  of  this  method  over  other  classifi¬ 
cation  procedures  (e.g.,  discriminant  analysis)  is  that  it  is 
robust  to  deviations  from  normality  and  heteroscedastic- 
ity  that  are  assumed  for  most  other  statistical  models  and 
is  equally  effective  given  a  large  sample  size  (McCullagh 
and  Nelder,  1989).  Growth-related  differences  in  otolith 
measurements  were  accounted  for  by  including  age  as  an 
interaction  for  each  variable  in  the  model.  The  model  con¬ 
tains  9  predictor  variables:  otolith  area,  otolith  perimeter, 
otolith  major  axis  length,  otolith  minor  axis  length,  oto¬ 
lith  length,  otolith  width,  otolith  weight,  fish  fork  length, 
and  fish  log10-transformed  age.  The  model  also  contains  8 
interactions  with  log10-transformed  age.  Here  is  its  abbre¬ 
viated  form: 


logit(T’)  =  In 


1-P 


=  Intercept  +  (3j  [-Xj,]  +  £, 


(3) 


i  7 


where  P,  =  probability  for  specimen  i\ 

Xi}  =  the  matrix  of  j  predictor  variables,  including 
interactions,  for  specimen  i\ 

Pj  =  the  regression  coefficient  for  each  j  predictor 
variable;  and 

Ej  =  an  error  term  with  a  binomial  distribution  for 
specimen  i. 

Nonsignificant  parameters  were  removed  by  using  a 
stepwise  backward  elimination  algorithm  with  Aikake 
information  criterion  (AIC).  In  addition  to  probabilities, 
the  standard  error  of  a  prediction  can  be  calculated  on 
the  basis  of  the  linear  combination  of  the  standard  errors 
in  the  parameter  estimates.  In  this  study,  this  standard 
error  was  used  to  calculate  the  95%  prediction  interval 
around  each  specimen,  and  only  specimens  whose  predic¬ 
tion  interval  did  not  cross  the  0.5  threshold  were  classi¬ 
fied  as  rougheye  or  blackspotted.  Other  specimens  were 
assigned  to  an  uncertain  category,  reflecting  the  fact 
that  their  prediction  interval  was  not  confined  to  a  sin¬ 
gle  species.  This  step  removed  specimens  that  may  have 
been  too  close  to  call  and  improved  the  specificity  of  the 
model’s  predictions.  This  model  was  fit  by  using  the  glm 
function  in  R. 

The  practical  validity  of  a  classification  model  is  best 
determined  by  examining  its  accuracy  when  given  new 
data.  With  this  in  mind,  we  divided  the  data  collected 
during  surveys  in  the  2  years  into  a  training  data  set  and 
a  second  validation  or  testing  data  set  (Table  1).  Of  the  945 
specimens  in  the  sample  from  2009,  738  fish  were  included 
in  the  actual  study.  Specimens  were  excluded  because  they 
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Table  1 

Division  of  data  from  blackspotted  rockfish  ( Sebastes  mel¬ 
anostictus)  and  rougheye  rockfish  (S.  aleutianus)  collected 
in  the  Gulf  of  Alaska  in  2009  and  2013  into  the  2  data 
sets  used  to  construct  and  validate  the  logistic  regression 
model.  The  model  parameters  were  fit  by  using  specimens 
from  the  training  data  set  and  then  tested  against  a  new 
set  of  specimens  in  the  testing  data  set.  The  training  data 
set  includes  638  specimens,  all  from  2009,  and  the  testing 
data  set  includes  221  specimens  from  both  2009  and  2013. 


Number  of  specimens 


Species 

Year 

Training 
data  set 

Testing 
data  set 

Total 

Blackspotted 

2009 

434 

50 

484 

rockfish 

2013 

0 

62 

62 

Rougheye 

2009 

204 

50 

254 

rockfish 

2013 

0 

59 

59 

Total 

638 

221 

859 

could  not  be  genetically  identified  to  species  or  because 
the  corresponding  otoliths  were  damaged  and  could  not  be 
measured.  Of  the  fish  used  in  the  study,  50  specimens  from 
each  species  were  randomly  assigned  to  the  testing  data 
set,  and  the  remaining  638  fish  were  used  to  construct 
and  fit  the  logistic  regression  function.  Not  all  of  the  902 
specimens  from  the  survey  conducted  in  2013  were  nec¬ 
essary  for  an  adequate  test;  therefore,  121  fish  were  ran¬ 
domly  chosen  and  they  were  included  in  the  testing  data 
set.  Overall,  the  training  and  testing  sets  covered  similar 
ranges  of  age  and  length  values,  and  the  training  and  test¬ 
ing  sets  had  similar  mean  ages  and  lengths  (Table  2).  In 
the  testing  data  set,  the  predicted  species  of  each  otolith 
was  compared  with  the  genetically  determined  identity  to 
yield  the  accuracy  of  this  classification  method. 

This  method  relies  heavily  on  otolith  age  to  help  dis¬ 
criminate  between  the  blackspotted  and  rougheye  rockfish 


species,  but  otolith  age  is  typically  more  prone  to  measure¬ 
ment  error  than  standard  methods.  Furthermore,  these 
species  frequently  attain  very  old  ages  and  are  among 
the  most  difficult  to  read.  Therefore,  we  simulated  the 
potential  effect  of  errors  in  the  age  reading  process  by  gen¬ 
erating  a  false  age  and  using  that  age  to  estimate  new  clas¬ 
sification  probabilities.  This  simulation  looks  at  2  types  of 
errors:  bias  and  random  noise.  Bias  is  a  systematic  ten¬ 
dency  to  age  an  otolith  higher  or  lower  than  its  true  age. 
With  a  -10%  bias,  a  10-year-old  fish  would  be  evaluated 
as  if  it  were  a  9  years  old,  and  a  100-year-old  fish  would 
be  evaluated  as  if  it  were  90  years  old.  Random  noise  was 
simulated  by  drawing  from  a  normal  distribution  defined 
by  the  age  and  a  coefficient  of  variation  (CV)  (standard 
deviation  [SD]/mean).  Hence,  a  10-year-old  fish  with  a  CV 
of  0.1  will  have  its  age  adjusted  in  each  simulation  run  by 
an  amount  drawn  from  a  normal  distribution  with  an  SD 
of  1,  and  an  SD  of  10  would  be  used  for  a  100-year-old  fish. 
These  types  of  errors  are  combined  to  produce  a  simulated 
age  by  using  this  equation: 

New  Age  ~  N(\x  =  MeasuredAged  +  bias), 
o  =  MeasuredAge  x  CV ), 

where  N  is  the  normal  distribution  with  the  mean  equal 
to  p  and  the  standard  deviation  equal  to  o.  This  process 
was  repeated  5000  times  for  each  combination  of  error  and 
bias,  with  the  average  classification  accuracy  measured 
for  each  run.  All  statistical  analyses  for  this  simulation 
were  carried  out  by  using  R. 

Results 

Genetics 

The  results  of  the  genetic  analysis  from  the  data  collected 
during  the  survey  in  2009  show  that  field  identification 
accuracy  was  92%  for  blackspotted  rockfish  and  66%  for 
rougheye  rockfish.  Out  of  945  samples,  540  fish  were 
genetically  identified  as  blackspotted  rockfish  and  318 
fish  were  identified  as  rougheye  rockfish.  Additionally, 


Table  2 

Summary  statistics  for  specimens  of  blackspotted  rockfish  ( Sebastes  melanostictus)  and  rougheye 
rockfish  (S.  aleutianus)  sampled  for  the  training  data  set  used  to  construct  the  logistic  regression 
model  and  for  the  testing  data  set  used  to  validate  the  model’s  accuracy.  Specimens  were  collected 
in  the  Gulf  of  Alaska  in  2009  and  2013.  All  lengths  are  fork  lengths  in  millimeters,  and  all  ages  are 
in  years.  n=number  of  specimens. 


Species 

Data  set 

n 

Length 

Age 

Min. 

Mean 

Max. 

Min. 

Mean 

Max. 

Blackspotted  rockfish 

Training 

434 

70 

355 

570 

2 

22 

113 

Testing 

112 

130 

348 

540 

3 

22 

103 

Rougheye  rockfish 

Training 

204 

130 

396 

670 

3 

20 

135 

Testing 

109 

120 

371 

730 

3 

17 

83 
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17  specimens  were  heterozygous  at  the  Sma6  locus  and 
were  identified  as  hybrids,  and  70  samples  were  degraded 
or  otherwise  produced  inconclusive  results.  The  data  col¬ 
lected  in  2013  indicate  an  improvement  to  94%  and  68% 
accuracy  in  field  identifications  of  blackspotted  rockfish 
and  rougheye  rockfish,  respectively.  Of  the  902  specimens, 
428  were  blackspotted  rockfish,  429  were  rougheye  rock¬ 
fish,  8  were  Sma6  hybrids,  and  37  fish  could  not  be  iden¬ 
tified  to  species. 

Multivariate  regression  and  length  at  age 

Across  all  measurements  examined,  otoliths  of  rougheye 
rockfish  tended  to  be  a  larger  size  for  a  given  age  than  black¬ 
spotted  rockfish,  as  shown  by  bivariate  plots  (Fig.  2).  This 
pattern  manifests  as  a  small  but  significant  differences  in 
the  initial  size  of  otoliths  and  in  the  rate  at  which  these  struc¬ 
tures  grow  with  age.  According  to  all  7  of 
the  parameters,  otoliths  of  rougheye  rock¬ 
fish  are  greater  beginning  in  the  first  few 
years  of  life,  as  evidenced  by  a  significant 
species  effect  on  the  intercept  (Table  3). 

A  more  varied  response  is  observed  as 
the  fish  grow,  with  some  characteristics 
like  otolith  length,  major  axis  length, 
and  perimeter  tending  to  converge  over 
time  (Fig.  2).  By  comparison,  otolith  area 
becomes  even  more  divergent.  In  most 
cases,  the  difference  in  slopes  between 
the  species  is  not  significant  (Table  3), 
indicating  that  most  of  the  size  difference 
in  rougheye  rockfish  occurs  in  the  early 
years  of  life.  A  very  similar  dynamic  is 
observed  in  the  von  Bertalanffy  growth 
curves  (Fig.  3,  Table  4).  Rougheye  rockfish 
have  a  much  higher  rate  of  growth  early 
in  life,  leading  to  a  significant  gap  in  the 
length  at  age  between  the  2  species. 

Classification  success 

Logistic  regression  found  that  several 
otolith  parameters  and  age  interactions 
were  predictive  of  species  between  these 
2  rockfish  species.  Several  of  the  predic¬ 
tors  used  in  this  model  are  highly  cor¬ 
related;  however,  removal  of  these 
collinear  predictors  resulted  in  a  worse 
fit  to  the  data  as  measured  by  AIC. 

Removing  collinear  predictors  had  little 
effect  on  discrimination  accuracy.  There¬ 
fore,  only  nonsignificant  parameters 
that  did  not  increase  AIC  were  elimi¬ 
nated  from  the  final  model.  The  full 
model  that  includes  all  8  parameters 
and  7  interactions  had  an  AIC  of  143.35, 
and  the  reduced  model  that  includes  all 
8  parameters  and  2  interactions  had  an 


AIC  of  139.93  (Table  5).  Of  the  638  specimens  used  to 
build  the  logistic  regression,  94.7%  of  434  blackspotted 
rockfish  and  88.2%  of  204  rougheye  rockfish  could  be  cor¬ 
rectly  identified,  once  uncertain  cases  were  removed 
(Table  6).  However,  the  best  test  of  a  classification 
method  is  its  accuracy  when  confronted  with  new  data. 
When  used  to  classify  221  specimens  from  the  testing 
data  set,  it  was  successful  for  97.3%  of  112  blackspotted 
rockfish  and  86.2%  of  109  rougheye  rockfish  (Fig.  4, 
Table  6).  Overall,  11  of  the  221  fish  are  classified  as 
uncertain  because  their  prediction  intervals  indicate 
both  possibilities  of  species  identification  are  reasonably 
likely.  Of  these  11  specimens,  5  fish  would  have  been 
assigned  to  the  incorrect  species,  a  result  that  would 
almost  double  the  total  number  of  misidentifications. 
When  uncertain  cases  were  excluded,  only  0.9%  of  black¬ 
spotted  rockfish  and  5.5%  of  rougheye  rockfish  were  mis- 
identified  (Table  6). 


Age 
Figure  2 

Bivariate  plots  with  species-specific  regression  lines  for  the  relationships  of 
different  otolith  morphometries  with  age  from  models  based  on  data  from 
rougheye  rockfish  ( Sebastes  aleutianus )  (open  circles,  dashed  lines)  and  black¬ 
spotted  rockfish  iS.  melanostictus )  (black  circles,  solid  lines)  collected  in  the 
Gulf  of  Alaska  in  2009  and  2013.  Note  that  age  is  shown  on  a  logarithmic  scale. 
Across  all  measurements,  rougheye  rockfish  are  larger  at  any  given  age  than 
blackspotted  rockfish. 
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Table  3 

Regression  statistics  for  each  of  6  morphometric  parameters  and  otolith  weight.  Each  set  of  2  rows 
provides  the  parameter  versus  log10-transformed  age  in  blackspotted  rockfish  (Sebastes  melanostictus) 
and  rougheye  rockfish  ( S .  aleutianus),  as  well  as  the  ^-statistics  and  P-values  used  to  examine  whether 
the  species  have  different  slopes  or  intercepts.  Because  multiple  tests  were  conducted,  a  Bonferroni 
correction  was  applied  such  that  differences  are  considered  significant  only  if  P<0.003.  Data  used  in 
the  regression  model  are  from  specimens  collected  in  the  Gulf  of  Alaska  in  2009  and  2013. 

Otolith  variable 

Parameter 

Blackspotted 

rockfish 

Rougheye 

rockfish 

Difference 

t 

P 

Area 

Intercept 

-65.1 

-49.2 

15.9 

3.61 

<0.001 

Slope 

108.5 

123.0 

14.4 

4.09 

<0.001 

Perimeter 

Intercept 

-7.11 

3.67 

10.78 

8.30 

<0.001 

Slope 

34.3 

31.4 

-2.9 

-2.85 

0.004 

Major  axis  length 

Intercept 

-0.66 

2.13 

2.79 

6.46 

<0.001 

Slope 

10.8 

10.6 

-0.2 

-0.67 

0.506 

Minor  axis  length 

Intercept 

-0.22 

1.37 

1.59 

6.91 

<0.001 

Slope 

5.55 

5.55 

-0.005 

-0.004 

0.979 

Otolith  length 

Intercept 

-0.71 

2.41 

3.12 

6.68 

<0.001 

Slope 

11.56 

11.08 

-0.48 

-1.28 

0.202 

Otolith  width 

Intercept 

-0.50 

1.30 

1.80 

7.11 

<0.001 

Slope 

6.20 

6.08 

-0.117 

-0.58 

0.563 

Otolith  weight 

Intercept 

-0.357 

-0.456 

-0.099 

-4.49 

<0.001 

Slope 

0.463 

0.695 

0.232 

13.15 

<0.001 

Genetic  identification 
•  Blackspotted 
°  Rougheye 

—  Blackspotted 
--  Rougheye 
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Age  (years) 


Figure  3 

Estimated  von  Bertalanffy  growth  curves  for  rougheye  rockfish  (Sebastes 
aleutianus )  (open  circles,  dashed  line)  and  blackspotted  rockfish  (S.  mela¬ 
nostictus)  (black  circles,  solid  line).  Data  used  in  the  growth  model  come 
from  specimens  collected  in  the  Gulf  of  Alaska  in  2009  and  2013.  Similar 
to  the  pattern  predicted  for  otolith  parameters,  rougheye  rockfish  grow  at 
a  substantially  faster  rate  and  achieve  a  greater  length  at  age  than  black¬ 
spotted  rockfish. 


Simulation 

The  classification  process  was  found  to 
be  robust  with  respect  to  moderate 
errors  in  the  age  assigned  to  each  spec¬ 
imen  through  otolith  analysis  (Fig.  5). 
Classification  accuracy  averaged  across 
both  species  remained  above  90%  when 
bias  and  CV  were  each  less  than  10%. 
Random  errors  in  the  aging  process 
(represented  by  CV)  generally  were  not 
a  severe  concern  unless  they  were  par¬ 
ticularly  strong  with  overall  accuracy 
exceeding  80%  even  with  a  CV  of  0.2.  In 
contrast,  classification  accuracy  indi¬ 
cates  a  strong  response  to  directional 
bias  and  particularly  suffers  if  the 
assigned  ages  are  too  low. 


Discussion 

In  this  study,  otolith  data,  fork  length, 
and  age  were  sufficient  to  correctly 
identify  97%  of  blackspotted  rockfish 
and  86%  of  rougheye  rockfish  (Table  6). 
This  model’s  accuracy  provides  a 
slight  improvement  compared  with 
the  92-94%  of  blackspotted  rockfish 
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Table  4 

Results  for  parameters  of  the  von  Bertalanffy  growth  func¬ 
tion  for  blackspotted  rockfish  ( Sebastes  melanostictus)  and 
rougheye  rockfish  (S.  aleutianus)  collected  in  the  Gulf  of 
Alaska  in  2009  and  2013.  The  parameters  are  the  mean 
asymptotic  length  (L„),  the  growth  coefficient  (K)  and  the 
time  or  age  when  mean  length  was  zero  ( t0 ).  n=number  of 
specimens. 


Parameter 

Blackspotted 

rockfish 

Rougheye 

rockfish 

n 

546 

313 

L„ 

526  mm 

544  mm 

K 

0.062 

0.102 

to 

0.2 

-0.36 

that  are  correctly  identified  in  the  field.  However,  the 
model  substantially  improves  identification  of  rougheye 
rockfish,  for  which  field  identifications  are  only  66-68% 
accurate.  The  results  of  a  more  recent  study  of  field 
identifications  from  the  season  in  2015  indicate  75% 
accuracy  (Shotwell  et  ah,  2017),  but  this  level  of  accu¬ 
racy  is  still  significantly  worse  than  the  results  obtained 
in  this  study. 

Most  studies  of  this  kind  will  assign  a  species  to  all 
specimens,  even  if  the  model  indicates  a  high  degree 
of  uncertainty.  We  recommend  a  more  conservative 


Table  5 

Regression  coefficients  for  the  final  form  of  the  logistic 
regression  model  following  stepwise  elimination  of  param¬ 
eters.  Data  used  in  the  regression  model  are  from  black- 
spotted  rockfish  ( Sebastes  melanostictus)  and  rougheye 
rockfish  (S.  aleutianus )  collected  in  the  Gulf  of  Alaska  in 
2009.  After  stepwise  elimination,  all  remaining  parame¬ 
ters  were  significantly  different  from  zero. 


Parameter 

Coefficient 

Error 

^-score 

P 

Intercept 

-18.92 

5.37 

-3.53 

<0.01 

Area 

1.07 

0.25 

4.29 

<0.01 

Perimeter 

2.88 

0.64 

4.51 

<0.01 

Minor  axis  length 

7.36 

3.50 

2.10 

0.04 

Otolith  width 

-7.96 

3.12 

-2.55 

<0.01 

Otolith  length 

-3.23 

1.06 

-3.06 

<0.01 

Otolith  weight 

-174.87 

59.03 

-2.96 

<0.01 

Fork  length 

-0.08 

0.02 

-4.60 

<0.01 

Log10(A£e) 

32.74 

10.82 

3.03 

<0.01 

Perimeter  x 
Log10(Age) 

-2.81 

0.55 

-5.15 

<0.01 

Otolith  weight  x 
Log10  (Age) 

133.79 

33.78 

3.96 

<0.01 

approach  as  a  further  defense  against  errors  imposed 
by  the  process  of  otolith  age  determination.  Our  method 
trades  a  decrease  in  misclassifications  (improved  spec¬ 
ificity)  for  the  cost  of  fewer  correct  classifications 


Table  6 

Results  of  species  classification  from  the  logistic  regression  model  comparing  the  agreement  between  the 
genetic  identification  and  the  species  predicted  by  the  model  constructed  and  validated  with  data  for  black- 
spotted  rockfish  (Sebastes  melanostictus )  and  rougheye  rockfish  ( S .  aleutianus )  collected  in  the  Gulf  of  Alaska 
in  2009  and  2013.  Data  are  from  the  training  data  set  used  to  fit  the  regression  model  and  from  the  testing  data 
set  created  when  the  regression  model  was  used  on  new  data.  Values  in  the  left  columns  provide  the  results 
when  all  specimens  were  classified  and  those  in  the  right  columns  indicate  the  effect  of  removing  specimens 
classified  as  uncertain.  n=number  of  specimens;  ID=identification. 


Number  of  specimens  (successful  ID  [%]) 


Model  ID  (all  classified)  Model  ID  (uncertain  cases  removed) 


Data  set  for 

Blackspotted 

Rougheye 

Blackspotted 

Rougheye 

genetic  ID 

rockfish 

rockfish 

rockfish 

rockfish  Uncertain 

Training  data  set 


Blackspotted  rockfish 

424 

10 

411 

5 

18 

77=434 

(97.6%) 

(2.3%) 

(94.7%) 

(1.2%) 

(4.1%) 

Rougheye  rockfish 

11 

193 

7 

180 

17 

re=204 

(5.4%) 

(94.6%) 

(3.4%) 

(88.2%) 

(8.3%) 

Testing  data  set 

Blackspotted  rockfish 

110 

2 

109 

1 

2 

77  =  112 

(98.2%) 

(1.8%) 

(97.3%) 

(0.9%) 

(1.8%) 

Rougheye  rockfish 

10 

99 

6 

94 

9 

71=109 

(9.2%) 

(90.8%) 

(5.5%) 

(86.2%) 

(8.2%) 
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Blackspotted  Rougheye 


Figure  4 

Plot  snowing  how  the  logistic  regression  model  assigns  species  identifications 
to  each  specimen  in  the  testing  data  set  collected  in  the  Gulf  of  Alaska  in 
2009  and  2013.  Values  on  the  y-axis  are  calculated  probabilities  of  each  speci¬ 
men  being  a  rougheye  rockfish  ( Sebastes  aleutianus).  If  P>0.5,  the  specimen  is 
identified  as  a  rougheye  rockfish,  and  if  P< 0.5,  it  is  identified  as  a  blackspotted 
rockfish  (S.  melanostictus).  The  left  panel  shows  P-values  for  specimens  that 
were  genetically  identified  as  blackspotted  rockfish,  and  the  right  panel  shows 
P-values  for  specimens  that  were  genetically  identified  as  rougheye  rockfish. 
The  error  bars  represent  95%  prediction  intervals  for  specimens,  based  on  the 
standard  error  of  the  predictions.  An  identification  is  assigned  only  when  the 
prediction  interval  does  not  cross  the  dashed  line  for  probability  of  0.5.  Spec¬ 
imens  classified  as  uncertain  had  a  prediction  interval  that  was  not  confined 
to  a  single  species. 


(decreased  accuracy)  caused  by  discarding  a  number  of 
otoliths  (approximately  5%  overall)  that  are  ruled 
uncertain  on  the  basis  of  the  estimated  error  around 
each  prediction.  Likewise,  if  the  uncertain  specimens 
had  been  classified,  overall  accuracy  would  have 
increased  but  the  number  of  misidentifications  would 
have  increased  as  well  (Table  6).  The  logistic  regression 
method  developed  in  this  study  allows  the  use  of  an 
algorithm  to  determine  when  specimens  are  too  diffi¬ 
cult  or  atypical  to  identify.  Removal  of  the  uncertain 
otoliths  led  to  high  specificity,  with  less  than  5%  of 
specimens  misidentified.  With  both  high  accuracy  and 
high  specificity,  this  method  ensures  the  highest  qual¬ 
ity  data  are  available  for  use  in  managing  the  popula¬ 
tions  of  these  species.  In  contrast,  if  a  simpler  method 
that  attempts  to  identify  all  specimens  is  used,  some 
additional  specimens  will  be  correctly  identified  if  they 
fall  on  the  correct  side  of  the  threshold  of  P=0.5  (Fig.  4), 
but  misidentifications  double  to  as  much  as  9-10%  in 
rougheye  rockfish.  In  this  study,  no  apparent  pattern 
was  observed  with  uncertain  specimens  with  respect  to 
age  or  location,  meaning  that  the  exclusion  of  uncertain 


specimens  is  unlikely  to  have  caused  a 
bias  in  this  data  set. 

A  key  finding  in  this  study  is  the 
importance  of  age  in  distinguishing  the 
2  species.  A  common  practice  in  mor¬ 
phometric  studies  is  to  standardize  all 
fish  to  a  set  size,  usually  determined 
by  standard  or  fork  length  (Campana, 
1999;  Lleonart  et  al.,  2000).  For  this 
study,  age  was  included  as  an  interac¬ 
tion  effect  with  the  other  predictors, 
allowing  the  model  to  account  for  it 
directly.  In  this  study,  we  observed  that 
almost  no  difference  existed  between 
the  species  when  their  otolith  measure¬ 
ments  were  compared  with  fork  length, 
but  a  clear  separation  in  the  growth 
patterns  emerged  when  age  was  con¬ 
sidered  (Figs.  2  and  3).  Our  findings  are 
consistent  with  a  growing  understand¬ 
ing  that,  despite  their  similarities,  the 
rougheye  and  blackspotted  rockfish 
species  have  different  rates  of  growth 
(Conrath,  2017;  Shotwell  et  al.,  2017) 
and  specifically  that  rougheye  rockfish 
grow  faster  and  attain  a  larger  size  at 
age.  The  von  Bertalanffy  growth  param¬ 
eters  obtained  in  this  study  indicate  a 
strong  divergence  between  the  2  species 
(Table  4).  Given  our  findings,  it  is  pos¬ 
sible  that  using  age  alongside  length  or 
body  size  may  help  resolve  other  prob¬ 
lems  of  difficult  stock  or  species  dis¬ 
crimination.  Including  measurements 
such  as  fork  length  and  age  into  a 
model  as  an  interaction  carries  the  few¬ 
est  overall  assumptions,  makes  full  use 
of  all  available  information,  and  allows  the  difference  in 
growth  rate  to  inform  the  results  and  improve  the  predic¬ 
tions  of  the  model. 

The  most  significant  disadvantage  of  this  method  is 
that  reading  the  ages  of  otoliths  is  time  consuming,  and 
each  specimen  would  not  receive  a  final  species  identifi¬ 
cation  for  several  weeks  or  months.  Although  measure¬ 
ments  of  age  have  a  higher  error  than  other  data,  the 
results  of  our  simulations  indicate  that  moderate  age 
determination  errors,  consistent  with  commonly  reported 
estimates,  are  unlikely  to  degrade  the  accuracy  of  this 
method.  The  AFSC  reports  an  age  determination  CV  of 
0.08  for  rougheye  rockfish,  meaning  that  otolith  age 
readers  tend  to  disagree  by  8%.  In  the  simulation  con¬ 
ducted  in  our  study,  the  logistic  regression  model  main¬ 
tains  high  overall  accuracy  (=90%)  in  this  simulation 
(Fig.  5).  This  method  is  somewhat  more  vulnerable  to 
systematic  bias  in  age  estimates.  The  drop  in  classifica¬ 
tion  accuracy  from  increasing  directional  bias  is  not 
greater  than  that  from  random  noise,  but  it  happens 
unevenly.  The  core  observation  on  which  this  model  is 
based  is  that  otoliths  of  rougheye  rockfish  are  larger  and 
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Figure  5 

Heatmap  showing  the  accuracy  of  the  species  prediction  method  used  in  this 
study,  with  simulated  errors.  Lighter  shades  of  gray  indicate  higher  accuracy. 
Contour  lines  highlight  the  gradual  change  in  values  of  accuracy.  Coefficients 
of  variation  (CVs)  on  the  x-axis  represent  simulated  random  errors  in  the 
aging  process,  and  values  on  the  y-axis  indicate  bias  in  a  specific  positive  or 
negative  direction. 


grow  faster  than  otoliths  of  blackspotted  rockfish.  If  ages 
are  systematically  biased  upward,  more  fish  will  appear 
to  be  slower  growing  and  the  model  will  predict  a  greater 
number  of  blackspotted  rockfish.  Conversely,  a  bias 
toward  lower  ages  will  make  specimens  appear  to  be 
faster  growing  and  will  tend  to  predict  more  rougheye 
rockfish.  With  this  in  mind,  it  is  imperative  that  the  age 
determination  process  carefully  police  any  nonrandom 
errors. 

This  model  is  not  designed  to  identify  hybrids  or  clas¬ 
sify  hybrids.  Of  the  1847  specimens  that  were  genetically 
identified  from  the  surveys  conducted  in  2009  and  2013, 
25  (1.3%)  fish  were  hybrids  at  the  Sma6  locus.  With  such 
a  small  sample,  this  study  was  unable  to  determine  what 
potential  effect  these  hybrids  might  have  had  on  the 
accuracy  of  identifications.  The  best  course  of  action  may 
be  to  assume  that  hybrids  represent  a  minor  source  of 
identification  error.  Furthermore,  this  model  should  not 
be  expected  to  identify  or  remove  miscellaneous  rockfish 
species  from  a  mixed  sample  of  otoliths.  All  specimens 
must  be  correctly  identified  as  part  of  the  rougheye  and 
blackspotted  species  complex  in  the  field,  and  it  will 
require  that  field  personnel  be  adequately  trained  to 
identify  other  species. 

All  the  specimens  used  in  this  study  were  collected 
from  the  Gulf  of  Alaska,  but  the  rougheye  and  black¬ 
spotted  rockfish  species  are  found  together  off  the 
western  coasts  of  the  United  States  and  Canada,  in  the 


eastern  Aleutian  Islands,  and  in  the 
southern  Bering  Sea.  We  have  tried  to 
account  for  any  potential  geographic 
and  temporal  differences  by  collecting 
specimens  from  different  locations  in 
the  Gulf  of  Alaska  (Fig.  1)  and  in  2  dif¬ 
ferent  years.  The  model  was  developed 
and  fit  by  using  data  from  2009,  but 
it  was  tested  against  additional  data 
from  2009  as  well  as  data  from  a  second 
collection  of  specimens  made  in  2013. 
The  model  performed  well  with  data 
from  both  years,  with  only  2-3%  dif¬ 
ference  between  years  in  overall  accu¬ 
racy.  We  think  this  result  is  a  strong 
indication  that  attempts  to  apply  this 
method  in  future  years  throughout  the 
Gulf  of  Alaska  and  Bering  Sea  will  be 
successful. 

Considering  the  positive  perfor¬ 
mance  of  this  logistic  regression  model, 
we  predict  it  will  be  useful  to  classify 
or  reclassify  historical  otolith  samples 
from  mixed  species  catches.  Applying 
these  findings  backward  in  time  does 
rely  on  the  assumption  that  the  growth 
rates  of  these  fish  species  in  the  present 
day  are  similar  to  those  of  the  past  and 
have  not  been  altered  by  changes  in  cli¬ 
mate,  fishing,  or  other  forces.  However, 
given  that  both  species  have  a  rather 
long  life  span,  many  of  the  fish  in  this  study  did  experi¬ 
ence  those  past  environmental  conditions.  Many  of  the 
specimens  collected  are  30  years  old  or  older,  and  the 
oldest  is  a  135-year-old  rougheye  rockfish  with  an  esti¬ 
mated  birth  year  of  1878.  Errors  for  the  model  were  not 
correlated  with  increasing  age,  meaning  that  the  model 
was  capable  of  assigning  the  correct  species  whether 
the  majority  of  a  fish’s  growth  occurred  in  present  day 
conditions  or  those  of  decades  past.  This  is  a  promising 
indication  that  the  model  will  be  reliable  for  archived 
specimens  going  back  at  least  20-30  years,  making  it 
invaluable  for  establishing  individual  stock  assessments 
for  each  species. 

The  rougheye  rockfish  and  the  blackspotted  rockfish 
are  assessed  as  a  complex  in  a  single  statistical  age- 
structured  model  that  assumes  equal  age  compositions, 
growth  rates,  and  many  other  parameters  (Shotwell  et  al., 
2017).  However,  it  has  been  observed  that  the  spatial  and 
depth  distributions  of  the  2  species  are  different  (Orr  and 
Hawkins,  2008)  and  that  rougheye  rockfish  appear  to 
grow  faster  and  mature  earlier  (Conrath,  2017).  Although 
Conrath’s  findings  are  consistent  with  our  observations 
of  growth  at  age,  her  study  did  not  confirm  species  iden¬ 
tifications  with  genetics,  raising  the  possibility  that  her 
estimates  are  skewed  by  misidentifications.  In  the  future, 
our  method  will  allow  researchers  to  more  confidently 
identify  these  species  and  arrive  at  more  accurate  esti¬ 
mates  of  important  population  parameters.  New  studies, 
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along  with  disaggregating  historically  mixed  samples,  will 
allow  for  better  estimates  of  age,  growth,  and  abundance 
and  will  most  likely  lead  to  an  improved  assessment  for 
each  species  and  provide  a  long-term  benefit  to  sustain¬ 
able  management. 
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Abstract— The  feeding  habits  of  the 
sicklefin  smoothhound  ( Mustelus  lunula¬ 
tus)  were  studied  on  the  basis  of 
analysis  of  stomach  contents  of  314 
specimens,  allowing  the  diet  of  this 
species  to  be  determined  by  sex,  size, 
and  stage  of  sexual  maturity  and  for 
changes  in  the  dietary  ontogeny  to  be 
identified.  The  prey-specific  index  of 
relative  importance  revealed  that  the 
sicklefin  smoothhound  is  a  crab  preda¬ 
tor.  Female  and  male  sicklefin  smooth- 
hounds  consumed  a  swimming  crab 
species,  Achelous  iridescens,  in  similar 
proportions.  Adults  and  juveniles  of 
both  sexes  complemented  their  diets 
with  the  Panama  mantis  shrimp  ( Squil - 
la  panamensis),  the  dart  squid,  Lolli- 
guncula  (Loliolopsis)  diomedeae,  and 
the  crab  species  Euphylax  robustus, 
indicating  behavioral  and  habitat  seg¬ 
regation.  Ontogenetic  changes  in  diet 
were  identified,  with  juveniles  feeding 
almost  exclusively  on  A.  iridescens  and 
adults  having  a  more  varied  diet.  The 
diet  of  sicklefin  smoothhounds  also 
changed  with  size:  sharks  <90  cm  in 
total  length  (TL)  consumed  more  A.  iri¬ 
descens,  and  sharks  >90  cm  TL  fed  on 
a  wider  variety  of  prey.  These  results 
indicate  that  the  sicklefin  smooth¬ 
hound  is  a  selective  mesopredator  in 
the  coastal  marine  food  chain,  having  a 
significant  influence  on  populations  of 
benthic  crustaceans  in  the  southeast¬ 
ern  Pacific  Ocean. 
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Sharks  generally  occupy  high  positions 
in  the  food  chain  (Cortes,  1999),  and 
some  play  an  important  role  as  regula¬ 
tors  of  lower  trophic  positions  (Stevens 
et  al.,  2000;  Heithaus  et  al.,  2008;  Fer- 
retti  et  al.,  2010).  Such  top-down  control 
can  be  key  to  maintaining  the  health  of 
the  marine  ecosystem  because  a  decline 
in  top-level  predator  populations  can 
lead  to  trophic  cascades,  thereby  chang¬ 
ing  the  abundance  of  lower  trophic-level 
populations  (Ferretti  et  ah,  2010).  For 
example,  some  authors  have  hypoth¬ 
esized  that  the  removal  of  sharks  can 
cause  a  significant  increase  in  the  bio¬ 
mass  of  smaller  sharks  (mesopreda- 
tors),  sea  turtles,  sea  birds,  and  fishes 
(Heithaus  et  ah,  2010). 

Understanding  the  ecological  role 
of  a  species  in  an  ecosystem  depends 
mostly  on  knowing  its  trophic  relation¬ 
ships  (Braga  et  al.,  2012).  The  trophic 
ecology  of  a  species  can  in  turn  provide 
the  information  required  for  studies  on 


resource  sharing,  competition,  energy 
transfer,  and  food  web  dynamics  (Navia 
et  al.,  2010;  Bornatowski  et  al.,  2014a). 
These  more  complex  approaches  rely 
on  basic  diet  descriptions  and  are 
affected  by  the  lack  of  basic  knowledge 
of  the  diet  of  fish  species  (Bornatowski 
et  al.,  2014b).  Understanding  the  tro¬ 
phic  interactions  and  positions  of  large 
predators  within  food  webs  is  a  crucial 
step  toward  unraveling  the  dynamics 
of  marine  communities  and  the  effect 
of  sharks  on  different  food  web  compo¬ 
nents  (Lucifora  et  al.,  2009;  Heithaus 
et  al.,  2013). 

The  sicklefin  smoothhound  ( Mus¬ 
telus  lunulatus)  is  an  abundant  spe¬ 
cies  in  warm  temperate  and  tropical 
waters  of  the  eastern  Pacific  Ocean 
(Compagno,  1984).  This  species  typi¬ 
cally  inhabits  muddy  bottoms  (Fernan¬ 
dez,  1975)  of  the  continental  shelf 
and  offshore  areas  (Compagno,  1984; 
Fischer  et  al.,  1995)  and  feeds  mainly 
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on  benthic  crustaceans  (Gomez  et  ah,  2003;  Navia  et  al., 
2007;  Moreno-Sanchez  et  al.,  2012).  The  sicklefin  smooth- 
hound  is  a  placental  viviparous  species  (Compagno,  1984) 
that  reaches  a  maximum  total  length  (TL)  of  approxi¬ 
mately  170  cm  (Compagno,  1984).  Mature  females  and 
males  typically  have  TLs  of  approximately  103.2  and 
91.5  cm,  respectively  (Perez-Jimenez  and  Sosa-Nishizaki, 
2010),  and  the  TL  at  birth  is  32-35  mm  (Compagno, 
1984).  Despite  its  abundance,  little  is  known  about  the 
biology  and  ecology  of  the  sicklefin  smoothhound.  Studies 
on  the  trophic  ecology  of  sharks  are  scarce  in  Ecuador, 
and  no  research  on  the  sicklefin  smoothhound  has  been 
undertaken.  Therefore,  this  study  is  the  first  to  address 
the  trophic  ecology  of  this  shark  species  in  this  region. 
The  objectives  of  this  study  were  1)  to  collect  quantita¬ 
tive  dietary  information  for  sicklefin  smoothhounds,  2) 
to  test  for  ontogenetic  shifts  in  diet  between  stages  of 
sexual  maturity  and  size  classes,  and  3)  to  estimate  the 
relative  trophic  position  of  sharks.  Because  of  the  rapid 
decline  in  the  populations  of  several  shark  species  (Bor- 
natowski  et  al.,  2014b),  it  is  critical  that  we  build  our 
understanding  of  these  patterns  and  processes  to  develop 
appropriate  conservation  strategies. 


The  prey  were  identified  to  the  lowest  taxon  possible 
(on  the  basis  of  the  digestion  state  of  prey),  counted,  and 
weighed  in  grams.  The  prey  species  (i.e.,  complete  organ¬ 
isms,  skeletons,  and  otoliths)  were  identified  according  to 
Clothier  (1950),  Fischer  et  al.  (1995),  Chirichigno  and  Velez 
(1998),  and  Garcia-Godos  (2001).  The  cephalopod  species 
were  identified  by  using  their  beaks  (mandible)  according 
to  Wolff  (1984)  and  Clarke  (1986),  and  crustacean  species 
were  identified  by  their  exoskeleton  by  using  the  keys  from 
Garth  (1973)  and  Fischer  et  al.  (1995). 

Cumulative  prey  curve 

To  determine  whether  the  number  of  stomachs  was  suffi¬ 
cient  to  adequately  describe  the  diet  of  sicklefin  smooth- 
hounds,  a  cumulative  prey  curve  was  constructed.  The 
observed  number  of  each  prey  item  in  the  stomachs  was 
used  to  estimate  the  value  of  the  Shannon-Wiener  diver¬ 
sity  index  for  each  stomach,  and  the  samples  were  random¬ 
ized  500  times  with  a  sample-based  rarefaction  routine  by 
using  the  software  Estimates,  vers.  9  (Colwell,  2013).  The 
coefficient  of  variation  (0.05)  was  the  basis  for  determining 
whether  the  number  of  stomachs  was  sufficient. 


Materials  and  methods 

We  analyzed  the  stomach  contents  of  314  specimens  of 
the  sicklefin  smoothhound.  All  sharks  were  caught  by  the 
artisanal  fishery  in  Ecuador  with  gill  nets  and  longlines 
in  depths  of  80-90  m  along  the  continental  platform  and 
were  landed  in  the  port  of  Manta  in  Manabi,  Ecuador, 
between  November  2003  and  October  2004  (Fig.  1). 

For  each  specimen,  natural  TL  (Francis  2006)  was  mea¬ 
sured  in  centimeters  and  sex  was  determined  before  the 
digestive  tract  was  extracted.  Stomach  contents  were 
removed  and  filtered  through  a  1.5-mm  mesh  sieve,  stored 
in  plastic  bags,  and  preserved  on  ice  for  transportation  to 
the  laboratory. 


Dietary  analyses 

To  assess  the  importance  of  the  different  prey  taxa  in  the 
diet  of  sicklefin  smoothhounds  (overall  and  by  sex,  stage 
of  sexual  maturity,  size  class,  and  trimester),  the  prey- 
specific  index  of  relative  importance  ( PSIRI ;)  (Brown  et  al., 
2012),  a  modification  of  the  index  of  relative  importance 
(IRI)  proposed  by  Pinkas  et  al.  (1971)  was  used,  according 
to  this  equation: 

PSIRI  =  %FOt  x  (%PNl  +  %PWt )  (1) 

1  2 

where  %FO^  is  the  percent  frequency  of  occurrence  of  a 
specific  prey  in  all  samples  and  %PN{  and  %PW{  are  the 
substitution  of  IRI’s  prey  percent  num¬ 
ber  and  prey  percent  weight  with  their 
corresponding  prey-specific  abundances. 
Unlike  the  IRI,  the  PSIRI  is  cumulative 
with  respect  to  taxonomic  levels.  The 
PSIRI  of  a  major  taxon  is  equal  to  the 
sum  of  the  PSIRI  of  the  items  belonging 
to  that  taxon  (Brown  et  al.,  2012). 

Stages  of  sexual  maturity  were  deter¬ 
mined  on  the  basis  of  Perez-Jimenez 
and  Sosa-Nishizaki  (2010),  who  report 
that  the  average  size  of  sicklefin  smooth¬ 
hounds  at  sexual  maturity  in  their  study 
was  103.2  cm  TL  for  females  and  91.5  cm 
TL  for  males.  The  specimens  caught  were 
between  63  and  142  cm  TL.  They  were 
grouped  into  3  size  classes  (of  both  sexes) 
with  a  constant  length  range:  60-90  cm 
TL  (Size  I),  90-120  cm  TL  (Size  II),  and 
120-150  cm  TL  (Size  III). 
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Figure  1 

Map  of  the  study  area  showing  the  port  of  Manta,  Ecuador,  where  sicklefin 
smoothhounds  (Mustelus  lunulatus)  were  collected  from  landings  of  an  arti¬ 
sanal  fishery  between  November  2003  and  October  2004.  The  fishing  area  of 
the  artisanal  fishery  and  depth  zones  are  also  indicated. 
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The  specimens  collected  during  November  2003- 
October  2004  were  grouped  by  trimester  in  chronological 
order:  November  2003-January  2004  (Trimester  I),  Febru¬ 
ary  200A-April  2004  (Trimester  II),  May  2004—July  2004 
(Trimester  III),  and  August  2004-October  2004  (Trimester 
IV).  The  information  was  grouped  in  this  way  in  order  to 
obtain  a  significant  quantity  for  each  trimester  of  the  year. 

To  test  for  ontogenetic  shifts  in  diet,  a  Bray-Curtis  sim¬ 
ilarity  matrix  was  constructed  by  using  standardized  esti¬ 
mates  of  the  contribution  of  each  prey  taxon  to  the  diet 
based  on  abundance  (number  of  samples  [n]).  A  one-way 
analysis  of  similarities  (ANGSIM)  was  then  performed,  by 
using  individuals  as  samples  and  stages  of  sexual  maturity 
(sexes  separated)  and  size  classes  (sexes  combined)  as  fac¬ 
tors.  This  test  is  analogous  to  analysis  of  variance  and  was 
used  to  evaluate  similarity  (or  difference)  within  predefined 
groups  (factors)  versus  similarity  between  groups  and  to 
calculate  the  statistic  R,  which  varies  between  -1  and  +1 
(Clarke  and  Gorley,  2006).  A  post-hoc  multiple  comparison 
test  (Benfferroni  test)  was  then  performed  to  identify  spe¬ 
cific  differences  between  categories. 

A  nonmetric  multidimensional  scaling  analysis  was 
used  to  determine  the  maturity  differences  by  diet  and  to 
determine  the  size-class  dietary  changes  that  occurred. 
Similarity  percentage  (SIMPER)  analysis  was  used  to 
estimate  the  contribution  of  each  prey  category  to  ontoge¬ 
netic  differences  in  diet.  The  analyses  were  performed  by 
using  the  software  PAST,  vers.  3.14  (Hammer,  2001). 


Dietary  niche  breadth,  overlap,  and  trophic  position 

Dietary  niche  breadth  was  estimated  by  using  Levin’s 
index  (B;)  (Krebs,  1999): 


(2) 


where  Pj  is  the  fraction  (in  PSIRI)  of  each  food  item  in 
the  diet  j  (ZPj=l).  The  Bi  values  were  standardized  to 
Ba  so  that  they  ranged  from  0  to  1  by  using  this  equa¬ 
tion:  B^fBj-lXIV-ir1,  where  N  is  the  number  of  classes 
(Krebs,  1999).  Low  BA  values  indicate  diets  dominated  by 
few  prey  items  (i.e.,  selective  predators),  and  values  close 
to  1  indicate  opportunistic,  generalist  diets. 

Trophic  overlap  was  assessed  by  calculating  the  Moris- 
ita-Horn  index  (CA.)  (Smith  and  Zaret,  1982)  to  detect  pos¬ 
sible  differences  in  diet  between  sexes,  stages  of  sexual 
maturity,  and  size  classes: 


Ck  =  2- 


I'-,(p*x4.) 

V p2  +\n  p2 


(3) 


where  P^  is  the  proportion  of  tth  prey  with  respect  to  all 
prey  of  predator  x,  Pvi  is  the  proportion  of  the  ith  prey  with 
respect  to  predator  y,  and  n  is  the  total  number  of  prey 
species.  This  index  ranges  from  0  to  1,  with  values  close 
to  0  indicating  dietary  differences  and  values  close  to  1 
indicating  similarity  in  prey  consumed. 


Standardized  trophic  position  (TP)  was  calculated  by 
using  the  trophic  index  proposed  by  Cortes  (1999): 


TPk=l  + 


f  \ 

y£P1xTP] 

Vi=1 


(4) 


where  n  is  the  number  of  prey,  TPj  is  the  trophic  position 
of  each  prey  taxon  j  (Cortes,  1999),  and  Pj  is  the  proportion 
of  each  prey  category  j  in  the  predator’s  diet,  based  on  IRI 
values  (percentages)  (Bornatowski,  2014a).  The  trophic 
positions  of  all  prey  were  taken  from  Cortes  (1999),  Hob¬ 
son  and  Welch  (1992),  Sea  Around  Us  (Pauly  and  Zeller1), 
and  FishBase  (Froese  and  Pauly2). 

For  all  analyses,  the  crustacean,  fish,  and  squid 
remains  and  unidentified  organic  matter  were  not  con¬ 
sidered  because  it  was  not  possible  to  identify  them  with 
precision. 


Results 

A  total  of  314  stomachs  were  collected  from  specimens  of 
the  sicklefin  smoothhound  measuring  63-142  cm  TL,  and 
95.2%  (n=299)  of  the  stomachs  contained  food.  Of  these 
stomachs,  171  were  taken  from  females  (69-142  cm  TL) 
and  143  were  taken  from  males  (63-118  cm  TL),  with 
96.5%  (n=165)  and  93.7%  (rc=134)  of  the  stomachs  contain¬ 
ing  food,  respectively. 

Regarding  the  stages  of  sexual  maturity,  there  were  90 
juvenile  females  and  81  adult  females,  of  which  96.7%  and 
96.3%,  respectively,  had  food  in  their  stomachs.  Of  the 
54  juvenile  males  and  90  adult  males,  88.9%  and  96.7%, 
respectively,  had  food  in  their  stomachs. 

When  examined  by  size  class,  91.0%  (/z=100)  of  the 
Size-I  sharks  (60-90  cm  TL),  97.3%  (n=183)  of  the  Size-II 
sharks  (90-120  cm  TL),  and  96.9%  (n=32)  of  the  Size-Ill 
sharks  (120-150  cm  TL)  had  food  in  their  stomachs. 

In  addition,  of  the  specimens  studied  in  Trimester  I,  Tri¬ 
mester  II,  Trimester  III,  and  Trimester  IV,  91.6%  (n= 87), 
98%  (n=58),  92%  (n= 73),  and  100%  (n=81),  respectively, 
contained  food  in  their  stomachs. 

Cumulative  prey  curve 

The  coefficient  of  variation  indicates  that  all  the  cumula¬ 
tive  prey  curves  approached  their  asymptote.  This  finding 
indicates  that  sample  sizes  were  sufficient  to  adequately 
describe  the  diet  of  sicklefin  smoothhounds  (Fig.  2A). 
Indeed,  the  minimum  number  of  stomachs  required  was 
58  for  females  (51  for  juveniles  and  44  for  adults;  Fig.  2, 
B,  D,  and  F)  and  75  for  males  (44  for  juveniles  and  38  for 
adults;  Fig.  2,  C,  E,  and  G). 


1  Pauly,  D.,  and  D.  Zeller  (eds.).  2015.  Sea  Around  Us  concepts, 
design,  and  data.  [Available  from  website,  accessed  June 
2016], 

2  Froese,  R.,  and  D.  Pauly.  2016.  FishBase,  vers.  06/2016.  World 
Wide  Web  electron,  publ.  [Available  from  website,  accessed 
June  2016], 
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Figure  2 

Cumulative  prey  curves  for  sicklefin  smoothhounds  ( Mustelus  lunulatus ) 
caught  in  the  southeastern  Pacific  Ocean  between  November  2003  and  Octo¬ 
ber  2004.  Graphs  plot  Shannon-Wiener  diversity  index  values  and  coefficients 
of  variation  against  the  numbers  of  stomachs  analyzed  for  (A)  all  samples 
combined  (number  of  stomachs  analyzed  [n]=87),  (B)  females  (n=58),  (C) 
males  (n= 75),  (D)  juvenile  females  (n= 51),  (E)  juvenile  males  (n= 44),  (F)  adult 
females  (n=44),  and  (G)  adult  males  (n=38). 


Dietary  analyses 

The  examination  of  stomachs  revealed  that  the  diet  of 
sicklefin  smoothhounds  was  composed  mostly  of  crusta¬ 
ceans  and,  in  a  lower  proportion,  of  mollusks  and  tele- 
osts  (Table  1).  The  main  prey  were  a  swimming  crab, 
Achelous  iridescens,  and  crab  species  of  the  genus  Iliacan¬ 
tha.  (Table  1).  Both  sexes  fed  mostly  on  A.  iridescens,  but 
the  females  also  consumed  a  small  proportion  of  Panama 


mantis  shrimp  ( Squilla  panamensis) 
and  dart  squid,  Loiiiguncula  (Loliolop- 
sis)  diomedeae,  and  the  males  also  con¬ 
sumed  a  small  proportion  of  purse  crabs 
(. Iliacantha  spp.)  and  small  arched  box 
crab  ( Calappula  saussurei )  (Table  2). 

The  dietary  analysis  by  stage  of  sexual 
maturity  revealed  that  the  main  prey  of 
both  juvenile  and  adult  sicklefin  smooth¬ 
hounds  was  A.  iridescens.  Adult  females, 
however,  incorporated  in  their  diet  the 
dart  squid,  the  small  arched  box  crab, 
and  a  swimming  crab,  Euphylax  robus- 
tus,  and  adult  males  complemented  their 
diet  with  prey  such  as  the  small  arched 
box  crab,  Iliacantha  spp.,  and  the  crab 
Acanthocarpus  delsolari  (Fig.  3). 

The  dietary  analysis  of  sicklefin 
smoothhounds  also  showed  that  Size-I 
sharks  fed  mostly  on  crustaceans: 
Achelous  iridescens  (PSIRI:  42.2%), 
Iliacantha  spp.  (4.8%),  small  arched 
box  crab  (3.9%),  and  Panama  mantis 
shrimp  (3.7%).  In  addition  to  A.  irides¬ 
cens  (26.6%),  Size-II  sharks  ate  Iliacan¬ 
tha  spp.  (7.7%),  small  arched  box  crab 
(5.7%),  Panama  mantis  shrimp  (3.8%), 
and  dart  squid  (3.4%).  Size-Ill  sharks 
had  a  more  varied  diet  composed  of  E. 
robustus  (11.9%),  dart  squid  (10.9%), 
Acanthocarpus  delsolari  (9.3%),  Panama 
mantis  shrimp  (8.6%),  and  Achelous  iri¬ 
descens  (7.5%)  (Fig.  4). 

The  dietary  analysis  by  trimester 
indicated  that  crustaceans  were  the 
principal  prey  consumed  by  sicklefin 
smoothhounds  throughout  the  year.  By 
trimester,  the  importance  of  some  spe¬ 
cies  changed.  The  importance  of  the 
crustacean  A.  iridiscens  increased  from 
Trimester  I  to  Trimester  IV;  however, 
the  second  crustacean  in  importance, 
the  Panama  mantis  shrimp,  decreased 
in  importance  throughout  the  year.  For 
other  crustaceans  and  for  cephalopods, 
changes  were  minimal  (Fig.  5). 

Ontogenetic  changes  were  identified 
in  the  diet  of  sicklefin  smoothhounds,  by 
stage  of  sexual  maturity  (global  coeffi¬ 
cient  of  multiple  correlation  [7?]=0.035, 
P=0.002),  because  of  dietary  differences  between  female 
adults  with  respect  to  female  juveniles  and  male  adults 
(Benfferroni  test,  corrected:  P= 0.02)  as  well  as  between 
female  juveniles  and  male  adults  (Benfferoni  test,  cor¬ 
rected:  P=0.01)  (Fig.  6A). 

Likewise,  ontogenetic  changes  were  observed  by  size 
class  (global  i?=0.043,  P=0.006;  Figs.  4  and  6B).  The  results 
of  the  SIMPER  analysis  by  stage  of  sexual  maturity  and 
size  class  are  given  in  Table  3. 
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Table  1 

Diet  composition  for  sickfefin  smoothhounds  ( Mustelus  Iunulatus)  in  the  southeastern  Pacific  Ocean,  based  on  analysis  of  stomach 
contents  of  specimens  collected  from  landings  of  an  artisanal  fishery  at  the  port  of  Manta,  Ecuador,  between  November  2003  and 
October  2004.  Values  provided  for  prey  found  in  stomachs  include  percent  abundance  (percent  number  of  samples  [%N]),  percent 
prey-specific  abundance  (percent  number  of  samples  for  specific  prey  [%PN]),  percent  weight  (%W),  percent  prey-specific  weight 
(percent  weight  of  specific  prey  [%PW]),  percent  frequency  of  occurrence  (%FO),  and  prey-specific  index  of  relative  importance 
(PSIRI).  Trophic  position  (TP)  values  are  taken  from  Hobson  and  Welch  (1992),  Cortes  (1999),  Sea  Around  Us  (2015),  and  FishBase 
(2016).  A  dash  indicates  that  data  were  not  available  because  a  value  was  not  estimated. 


Prey 

%N 

%PN 

%W 

%PW 

%FO 

PSIRI  (%) 

TP 

ARTHROPODA 

88.17 

90.59 

89.03 

91.48 

97.32 

88.60 

2.52 

Guyanacaris  caespitosa 

0.11 

33.33 

0.18 

53.54 

0.30 

0.15 

3.43 

Acanthocarpus  delsolari 

4.29 

64.17 

4.20 

62.74 

6.70 

4.25 

2.52 

Calappula  saussurei 

5.13 

36.51 

4.43 

31.54 

14.00 

4.78 

3.60 

Cycloes  bardii 

0.17 

50.00 

0.23 

67.90 

0.30 

0.19 

2.52 

Ethusa  spp. 

2.40 

34.22 

2.29 

32.63 

7.00 

2.34 

2.60 

Euphylax  robustus 

1.99 

37.28 

2.77 

51.84 

5.30 

2.36 

4.00 

Diogenidae 

0.07 

20.00 

0.03 

8.88 

0.30 

0.05 

2.50 

Penaeidae 

0.02 

6.67 

<0.01 

0.48 

0.20 

0.01 

3.31 

Goneplax  spp. 

0.44 

26.38 

0.51 

30.79 

1.70 

0.49 

2.82 

Hemisquilla  spp. 

0.08 

25.00 

0.01 

1.53 

0.30 

0.04 

3.50 

Hepatus  kossmanni 

0.08 

25.00 

0.10 

30.35 

0.30 

0.09 

2.60 

Iliacantha  spp. 

46.00 

41.05 

46.00 

40.33 

15.40 

6.27 

2.60 

Mesorhoea  belli 

0.83 

31.15 

0.47 

17.38 

2.70 

0.66 

2.52 

Munida  hispida 

0.11 

33.33 

0.07 

22.17 

0.30 

0.09 

3.10 

Munida  refulgens 

1.01 

38.02 

0.97 

36.29 

2.70 

0.99 

3.10 

Panopeus  spp. 

1.09 

29.55 

0.98 

26.62 

3.70 

1.04 

3.38 

Parasquilla  similis 

0.04 

12.50 

0.02 

6.63 

0.30 

0.03 

2.52 

Parthenope  spp. 

0.84 

25.24 

0.68 

20.46 

3.30 

0.75 

2.52 

Pilumnus  fernandezi 

0.87 

43.52 

0.85 

42.34 

2.00 

0.86 

2.52 

Plesionika  mexicana 

0.17 

50.00 

0.06 

17.77 

0.30 

0.10 

2.70 

Platymera  gaudichaudii 

1.52 

64.76 

1.53 

65.37 

2.30 

1.50 

2.52 

Achelous  iridescens 

30.16 

60.12 

29.12 

58.05 

50.20 

29.66 

3.40 

Portunus  asper 

0.84 

83.33 

0.91 

90.99 

1.00 

0.87 

3.40 

Ranilia  spp. 

1.09 

36.28 

1.05 

34.90 

3.00 

1.07 

2.52 

Sicyonia  disdorsalis 

0.06 

16.67 

0.04 

11.24 

0.30 

0.05 

2.40 

Sicyonia  picta 

0.21 

31.25 

0.16 

23.25 

0.70 

0.19 

2.40 

Solenocera  agassizi 

0.36 

26.90 

0.50 

37.69 

1.30 

0.43 

2.20 

Solenocera  spp. 

0.17 

25.89 

0.14 

21.38 

0.70 

0.17 

2.20 

Squilla  biformis 

0.81 

48.33 

0.80 

48.02 

1.70 

0.82 

3.50 

Squilla  hancocki 

0.37 

27.92 

0.22 

16.16 

1.30 

0.29 

3.50 

Squilla  panamensis 

4.22 

40.08 

4.36 

43.46 

10.00 

4.29 

3.50 

Squilla  spp. 

2.82 

38.26 

2.31 

31.41 

7.40 

2.58 

3.50 

Rimapenaeus  pacificus 

0.06 

16.67 

0.01 

3.29 

0.30 

0.03 

2.52 

Trizocarcinus  dentatus 

0.22 

22.22 

0.16 

5.74 

1.00 

0.19 

2.52 

Crustacean  remains 

19.18 

48.19 

22.66 

56.93 

39.80 

20.92 

2.52 

OSTEICHTHYES 

5.87 

39.89 

5.39 

36.59 

14.72 

5.63 

3.24 

Anchoa  spp. 

0.26 

77.78 

0.14 

43.02 

0.33 

0.20 

3.25 

Auxis  spp. 

0.94 

40.36 

1.07 

45.54 

2.34 

1.01 

4.24 

Bollmannia  chlamydes 

0.17 

50.00 

0.28 

82.23 

0.33 

0.22 

3.50 

Citharichthys  gilberti 

0.17 

50.00 

0.08 

25.33 

0.33 

0.13 

4.10 

Citharichthys  platophrys 

0.08 

25.00 

0.03 

10.29 

0.33 

0.06 

3.50 

Paralichthyidae 

0.03 

9.09 

0.02 

5.21 

0.33 

0.02 

4.06 

Pleuronectiformes 

0.12 

37.50 

0.17 

52.07 

0.33 

0.15 

3.57 

Unidentified  fish 

0.56 

55.56 

0.51 

50.40 

1.00 

0.53 

3.24 

Symphurus  spp. 

0.15 

22.92 

0.05 

6.99 

0.67 

0.10 

3.30 

Fish  remains 

3.38 

38.89 

3.04 

34.93 

8.70 

3.21 

3.24 

MOLLUSCA 

5.76 

44.13 

5.34 

40.98 

13.04 

5.55 

3.20 

Gastropoda 

0.29 

28.89 

0.07 

6.49 

1.00 

0.18 

2.10 

Lolliguncula  (Loliolopsis)  diomedeae 

4.01 

45.36 

3.69 

40.83 

9.03 

3.89 

3.90 

Squid  remains 

1.37 

45.49 

1.59 

52.89 

3.01 

1.48 

3.20 

Unidentified  organic  matter 

0.20 

20.37 

0.23 

23.28 

1.00 

0.22 

- 
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Table  2 

Diet  composition,  by  sex  (with  size  classes  and  maturity  stages  combined),  for  sicklefin  smoothhounds  ( Mustelus  lunulatus)  caught 
in  the  southeastern  Pacific  Ocean  during  November  2003-October  2004.  Values  provided  for  prey  include  percent  prey-specific 
abundance  (percent  number  of  samples  for  specific  prey  [%PN]),  percent  prey-specific  weight  (percent  weight  of  specific  prey 
[%PW]),  percent  frequency  of  occurrence  (%FO),  and  prey-specific  index  of  relative  importance  (PSIRI).  A  dash  indicates  that  data 
were  not  available  because  the  prey  species  was  not  consumed  by  both  sexes. 


%PN  %PW  %FO  PSIRI  (%) 

Prey  Females  Males  Females  Males  Females  Males  Females  Males 


ARTHROPODA 

Guyanacaris  caespitosa 
Acanthocarpus  delsolari 
Calappula  saussurei 
Cycloes  bardii 
Ethusa  spp. 

Diogenidae 
Euphylax  robustus 
Penaeidae 
Goneplax  spp. 

Hemisquilla  spp. 

Hepatus  kossmanni 
Iliacantha  spp. 

Mesorhoea  belli 
Munida  hispida 
Munida  refulgens 
Panopeus  spp. 

Parasquilla  similis 
Parthenope  spp. 

Pilumnus  fernandezi 
Platymera  gaudichaudii 
Plesionika  mexicana 
Achelous  iridescens 
Port unus  asper 
Ranilia  spp. 

Squilla  biformis 
Squilla  hancocki 
Squilla  panamensis 
Squilla  spp. 

Solenocera  agassizi 
Solenocera  spp. 

Sicyonia  disdorsalis 
Sicyonia  picta 
Rimapenaeus  pacificus 
Trizocarcinus  dentatus 
Crustacean  remains 

OSTEICHTHYES 
Anchoa  spp. 

Auxis  spp. 

Bollmannia  chlamydes 
Citharichthys  gilberti 
Citharichthys  platophrys 
Paralichthyidae 
Unidentified  fish 
Pleuronectiformes 
Symphurus  spp. 

Fish  remains 

MOLLUSCA 

Gastropoda 

Lolliguncula  (Loliolopsis)  diomedeae 
Squid  remains 

Unidentified  organic  material 


89.12 

92.39 

90.21 

93.04 

33.33 

- 

53.54 

- 

62.50 

64.88 

60.69 

63.62 

35.57 

37.22 

31.00 

31.94 

50.00 

- 

67.90 

- 

26.22 

47.22 

21.19 

51.23 

- 

20.00 

- 

8.88 

39.09 

10.00 

54.46 

12.61 

6.67 

- 

0.48 

- 

24.64 

33.33 

29.94 

34.23 

25.00 

- 

1.53 

- 

25.00 

- 

30.35 

- 

40.19 

41.83 

40.66 

40.03 

27.64 

41.67 

12.47 

32.11 

- 

33.33 

- 

22.17 

22.50 

43.19 

22.32 

40.95 

30.00 

25.00 

28.57 

7.18 

12.50 

- 

6.63 

- 

26.06 

23.33 

24.55 

10.89 

25.00 

62.04 

15.34 

69.34 

55.00 

77.78 

55.61 

78.39 

- 

50.00 

- 

17.77 

58.25 

62.44 

54.97 

61.87 

83.33 

- 

90.99 

- 

31.63 

40.00 

24.88 

42.92 

- 

48.33 

- 

48.01 

18.33 

37.50 

3.19 

29.12 

43.43 

36.67 

46.63 

30.80 

32.61 

53.33 

26.67 

44.06 

14.29 

31.11 

12.95 

45.94 

37.50 

14.29 

19.21 

3.56 

16.67 

- 

11.24 

- 

31.25 

- 

23.25 

- 

16.67 

- 

3.29 

- 

22.22 

- 

15.74 

- 

45.24 

52.41 

53.87 

61.31 

41.44 

38.05 

34.70 

38.88 

77.78 

- 

43.02 

- 

41.67 

39.83 

49.10 

44.12 

- 

50.00 

- 

82.23 

50.00 

- 

25.33 

- 

25.00 

- 

10.29 

- 

- 

9.09 

- 

5.21 

58.33 

50.00 

52.47 

46.26 

37.50 

- 

52.07 

- 

22.92 

- 

6.99 

- 

39.89 

37.73 

34.64 

35.27 

43.92 

44.65 

43.85 

33.66 

16.67 

35.00 

4.81 

7.34 

45.94 

43.33 

42.94 

33.46 

41.39 

53.70 

53.54 

51.60 

16.67 

22.22 

6.56 

31.64 

96.90 

97.70 

86.94 

90.64 

0.60 

- 

0.26 

- 

3.60 

10.40 

2.24 

6.71 

10.90 

17.90 

3.63 

6.19 

0.60 

- 

0.36 

- 

7.90 

5.90 

1.87 

2.94 

- 

0.70 

- 

0.11 

9.10 

0.70 

4.25 

0.08 

0.60 

- 

0.02 

- 

2.40 

0.70 

0.66 

0.25 

0.60 

- 

0.08 

- 

0.60 

- 

0.17 

- 

13.30 

17.90 

5.39 

7.33 

3.60 

1.50 

0.73 

0.55 

- 

0.70 

- 

0.21 

1.20 

4.50 

0.27 

1.88 

6.10 

0.70 

1.77 

0.12 

0.60 

- 

0.06 

- 

4.20 

2.20 

1.07 

0.38 

1.80 

2.20 

0.37 

1.47 

2.40 

2.20 

1.34 

1.75 

- 

0.70 

- 

0.25 

50.30 

50.00 

28.48 

31.08 

1.80 

- 

1.58 

- 

2.40 

3.70 

0.68 

1.55 

- 

3.70 

- 

1.79 

1.20 

1.50 

0.13 

0.49 

14.50 

4.50 

6.55 

1.51 

9.70 

4.50 

2.87 

2.18 

0.60 

2.20 

0.08 

0.86 

0.60 

0.70 

0.17 

0.14 

0.60 

- 

0.08 

- 

1.20 

- 

0.33 

- 

0.60 

- 

0.06 

- 

1.80 

- 

0.35 

- 

42.40 

36.50 

21.02 

20.79 

14.50 

14.90 

5.54 

5.74 

0.60 

- 

0.37 

- 

1.20 

3.70 

0.55 

1.57 

- 

0.70 

- 

0.49 

0.60 

- 

0.23 

- 

0.60 

- 

0.11 

- 

- 

0.70 

- 

0.05 

1.20 

0.70 

0.67 

0.36 

0.60 

- 

0.27 

- 

1.20 

- 

0.18 

- 

8.40 

8.90 

3.16 

3.27 

16.90 

8.20 

7.45 

3.21 

0.60 

1.50 

0.07 

0.32 

12.70 

4.40 

5.66 

1.72 

3.60 

2.20 

1.73 

1.18 

0.60 

1.50 

0.07 

0.40 
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Other  prey 
Fish  remains 
Pilumnus  fernandezi 
Euphylax  robustus 
Acanthocarpus  delsolari 
lliacantha  spp. 

Calappa  saussurei 
L  (Loliolopsis)  diomedeae 
Squilla  panamensis 
Crustacean  remains 
Achelous  iridescens 


Figure  3 


Diet  composition  of  sicklefin  smoothhounds  (Mustelus  lunulatus )  caught  in 
the  southeastern  Pacific  Ocean  between  November  2003  and  October  2004,  by 
stage  of  sexual  maturity  (juvenile  and  adult). 


well  as  for  the  different  stages  of  sexual 
maturity  (Table  4),  size  classes  (Table  5), 
and  trimesters.  The  Bi  values  were  0.50, 
0.18,  0.06,  and  0.05  for  Trimesters  I,  II, 
III,  and  IV,  respectively. 

The  trophic  overlap  index  revealed 
high  dietary  overlap  between  the  sexes 
(CX= 0.92,  global  i?=0.009,  P=0.072).  When 
applied  to  the  stages  of  sexual  maturity 
this  index  showed  that  the  diet  of  adult 
females  significantly  overlaped  with 
that  of  juveniles,  both  females  and  males 
(Table  4).  However,  there  was  little  trophic 
overlap  between  size  classes  (Table  5). 

The  estimated  trophic  position  (3.59 
[standard  deviation  (SD)  0.24])  indi¬ 
cates  that  the  sicklefin  smoothhound 
is  a  secondary  consumer.  Also,  by  sex, 
maturity  stage  (Table  4),  and  size  class 
(Table  5),  this  species  is  a  secondary 
consumer. 


Discussion 


Size  I 


Size  II 


Size 


O  Achelous  iridescens 
HI  Squilla  panamensis 
103  Calappa  saussurei 
H  L.  (Loliolopsis)  diomedeae 
H  Fish  remains 


L|  Crustacean  remains 
lJ  lliacantha  spp. 

E5  Euphylax  robustus 
[•«  Acanthocarpus  delsolari 
|I]  Other  prey 


Figure  4 

Diet  composition  of  sicklefin  smoothhounds  ( Mustelus  lunulatus )  caught  in 
the  southeastern  Pacific  Ocean  between  November  2003  and  October  2004, 
by  size  class.  The  size  classes  are  60-90  cm  in  total  length  (TL,  Size  I,  re=100), 
90-120  cm  TL  (Size  II,  n=183),  and  120-150  cm  TL  (Size  III,  n=32). 


Dietary  niche  breadth,  overlap,  and  trophic  position 

The  standardized  niche  breadth  index  showed  that  the 
sicklefin  smoothhound  is  a  selective  predator.  This  was  the 
case  for  both  females  (f?A=0.06)  and  males  (BA= 0.05),  as 


The  few  studies  on  the  trophic  ecology 
of  the  sicklefin  smoothhound  mention 
that  its  diet  includes  crustaceans  (e.g., 
shrimps,  blue  crabs,  and  other  crabs), 
small  fishes  (e.g.,  anchovies  and  sardines), 
and,  occasionally,  mollusks  (Fernandez, 
1975;  Gomez  et  al.,  2003;  Navia  et  al., 
2006;  Navia  et  al.,  2007),  with  crustaceans 
being  the  most  important  prey  group. 
These  results  are  in  line  with  those  of 
this  study,  allowing  the  sicklefin  smooth¬ 
hound  to  be  classified  as  a  carcinophagous 
predator. 

Dietary  studies  of  other  members  of 
Mustelus  have  shown  that  this  taxon  pre¬ 
fers  crustaceans.  The  humpback  smooth¬ 
hound  (M.  whitneyi),  for  example,  eats 
crabs  of  the  families  Calappidae  and 
Portunidae  and  shrimps  of  the  family 
Squillidae  and  consumes  small  propor¬ 
tions  of  seaweed,  annelids,  mollusks,  and 
fishes  (Samame  et  al.,  1989).  The  brown 
smoothhound  (M.  henlei)  feeds  mostly 
on  crabs,  shrimps  (Squillidae),  isopods, 
tunicates,  cephalopods,  and  small  fishes 
(e.g.,  Fischer  et  al.,  1995;  Gomez  et  al., 
2003).  These  similarities  in  the  diet  of 
Mustelus  species  indicate  that  they  prey 
on  benthic  crustaceans. 

We  found  that  the  crabs  A.  iridescens  and  lliacantha 
spp.  were  the  main  prey  of  sicklefin  smoothhounds,  simi¬ 
lar  to  what  was  reported  by  Gomez  et  al.  (2003)  and 
Bohorquez-Herrera  (2006)  for  Gorgona  Island,  Colombia. 
Our  results  are  also  consistent  with  those  of  studies 
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-<>-  Calappa  saussurei 
-B-  Crustacean  remains 
-4-  Squilla  panamensis 
-O-  Mursia  spp. 


-j it*  Lolliguncula  (Loliolopsis)  diomedeae 
Achelous  iridescens 
lliacantha  spp. 

-O-  Euphylax  robustus 


Figure  S 

Diet  composition  of  sicklefm  smoothhounds  (Mustelus  lunulatus )  caught  in 
the  southeastern  Pacific  Ocean  between  November  2003  and  October  2004, 
by  trimester  of  the  year.  The  trimesters  are  November  2003-January  2004 
(Trimester  I),  February  2004-April  2004  (Trimester  II),  May  2004-July  2004 
(Trimester  III),  and  August  2004-October  2004  (Trimester  IV). 


examining  other  species  of  the  genus  Mustelus  that  indi¬ 
cate  that  their  principal  prey  are  crustaceans  (Ellis 
et  al.,  1996;  Rojas,  2006).  The  results  of  our  study,  how¬ 
ever,  differ  from  the  findings  of  Rojas  (2000),  Navia  et  al. 
(2006),  and  Navia  et  al.  (2007),  who  reported  that  shrimps 
of  the  family  Squillidae  (e.g.,  Panama  mantis  shrimp  and 
Squilla  parva )  were  the  main  prey  of  sicklefm  smooth- 
hounds  along  the  Pacific  coast  of  Colombia.  In  contrast, 
the  results  of  our  study  indicate  that,  although  these 
shrimp  species  were  present,  they  contributed  little  to 
the  diet  of  sicklefm  smoothhounds.  This  discrepancy  can 
probably  be  attributed  to  the  small  number  of  stomachs 
(??=50,  n- 42)  and  size  classes  (mainly  50-70  cm  TL)  ana¬ 
lyzed  by  Navia  et  al.  (2006)  and  Navia  et  al.  (2007), 
rather  than  to  latitudinal  variations  that  could  affect  the 
diversity  and  abundance  of  the  main  prey  groups, 
because  of  the  proximity  of  the  localities  studied.  The 
distance  between  the  location  of  this  study  (in  Manta, 
Ecuador  )  and  the  location  of  the  studies  by  Navia  et  al 
(2006)  and  Navia  et  al.  (2007)  (in  Buenaventura,  Colom¬ 
bia)  is  approximately  760  km. 

Furthermore,  Gomez  et  al  (2003)  and  Bohorquez-Herrera 
(2006)  conducted  similar  studies  in  areas  close  to  the  area 
studied  by  Navia  et  al.  (2006)  and  Navia  et  al.  (2007),  and 
their  results  also  differ  from  those  obtained  by  Navia  et  al. 
(2006)  and  Navia  et  al.  (2007).  An  example  of  latitudinal 
variation  is  the  contrast  in  results  obtained  in  the  study 
by  Moreno-Sanchez  et  al.  (2012),  who  reported  that  in  Baja 
California  Sur,  Mexico,  sicklefm  smoothhounds  fed  mostly 
on  a  squat  lobster,  Munida  tenella,  and  the  bigtooth  rock 


crab  ( Cancer  amphioetus),  2  species  that 
are  distributed  from  Southern  California 
in  the  United  States  to  the  Gulf  of  Cal¬ 
ifornia  in  Mexico  (Nations,  1975;  Hen- 
drickx,  2000). 

A  likely  explanation  of  the  large  pres¬ 
ence  of  A.  iridescens  in  the  stomachs  of 
sicklefin  smoothhounds  in  waters  of 
Ecuador  is  the  abundance  of  this  species 
in  the  region,  as  found  by  Mora  et  al. 
(2010).  That  study  demonstrated  that 
the  most  abundant  macroinvertebrates 
along  the  coast  of  Ecuador  were  A.  irides¬ 
cens,  followed  by  the  arched  swimming 
crab  (C.  arcuatus),  dart  squid,  C.  toxotes, 
and  the  pink  shrimp  (Farfantepenaeus 
brevirostris).  These  observations  and 
results  indicate  that  1)  sicklefin  smooth¬ 
hounds  feed  primarily  at  depths  between 
80  and  200  m  (where  there  is  the  great¬ 
est  abundance  of  A.  iridescens,  according 
to  Mora  et  al.,  2010)  and  2)  this  species  is 
a  selective  one,  a  trait  that  is  associated 
with  the  abundance  and  availability  of 
prey  in  the  zones  that  it  inhabits. 

The  dietary  analysis  by  sex  revealed 
that  both  female  and  male  sicklefin 
smoothhounds  have  a  preference  for  A. 
iridescens,  a  result  that,  together  with 
the  high  dietary  overlap  between  the  sexes  (CA,=0.92),  indi¬ 
cates  that  there  is  no  sexual  segregation  in  this  species. 
This  finding  agrees  with  the  dietary  overlap  (CA,=0.96) 
estimated  by  Moreno-Sanchez  et  al.  (2012),  despite  the  geo¬ 
graphical  differences  between  the  2  studies.  Nonetheless, 
these  results  must  be  interpreted  with  caution  because 
they  could  represent  “false  positives,”  as  occurred  in  our 
study  with  the  analysis  of  the  values  of  trophic  overlap  by 
stage  of  maturity  for  separate  sexes  (Table  4)  indicating 
that  sicklefin  smoothhounds  present  behavioral  and  hab¬ 
itat  segregation  (Wearmouth  and  Sims,  2008).  However, 
juveniles  of  both  sexes  and  female  adults  complement 
their  principal  diet  (A.  iridescens )  with  coastal  benthic 
prey  that  are  typically  associated  with  shallow  waters  and 
muddy-sandy  seabeds,  such  as  E.  robustus  (7-85  m)  (Hen- 
drickx,  1995a)  and  Panama  mantis  shrimp  (18-102  m) 
(Hendrickx,  1995b)  and  with  coastal  pelagic  species,  such 
as  the  dart  squid  (50-200  m)  (Sanchez,  2003). 

The  use  of  different  feeding  areas  by  juveniles  of  both 
sexes  and  female  adults  could  be  related  to  selection  of 
breeding  areas,  abundance  and  availability  of  prey,  devel¬ 
opment  of  hunting  skills  by  juveniles,  preferences  for 
particular  foraging  zones  pertaining  to  sex  (McCord  and 
Campana,  2003),  size  class,  stage  of  maturity,  and  access 
to  alternative  sources  of  nutrition  (e.g.,  pelagic  prey;  Eder 
and  Lewis,  2005)  related  to  specific  stages  of  individual 
growth  (Philips,  1969;  Tytler  and  Calow,  1985). 

In  contrast,  male  adult  sicklefin  smoothhounds  prefer  to 
complement  their  diet  with  the  consumption  of  benthic 
coastal  prey  that  exhibit  a  greater  range  of  distribution, 
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Figure  6 

Nonmetric  multidimensional  scaling  (MDS)  ordination  indicating  the  changes 
in  diet  of  sicklefin  smoothhounds  (Mustelus  lunulatus)  caught  in  the  south¬ 
eastern  Pacific  Ocean  between  November  2003  and  October  2004,  for  (A) 
maturity  stages  (juvenile  and  adult)  and  (B)  size  classes.  The  size  classes  are 
60-90  cm  in  total  length  (TL,  Size  I),  90-120  cm  TL  (Size  II),  and  120-150  cm 
TL  (Size  III). 


prey  such  as  the  small  arched  box  crab,  present  at  depths 
of  1-300  m  (Hendrickx,  1997),  and  Acantliocarpus  desolari, 
present  at  depths  of  100-300  m  (Del  Rosario  and  Abele, 
1976).  These  species  typically  inhabit  seabeds  formed  from 
sand,  mud,  pebbles,  stones,  or  dead  coral  (Hendrickx,  1997; 
Del  Rosario  and  Abele,  1976). 

Moreno-Sanchez  et  al.  (2012)  mentioned  that  juvenile 
and  adult  sicklefin  smoothhounds  fed  on  the  same  prey, 
but  adults  had  a  stronger  preference  for  fish  species. 
However,  the  authors  analyzed  juveniles  and  adults  of 
both  sexes  combined,  which  may  have  obscured  dietary 
patterns.  In  our  study,  for  which  the  sexes  were  analyzed 
separately,  both  female  and  male  juveniles  were  found  to 
have  a  diet  based  on  Achelous  iridescens  (>30%  PSIRI; 
Fig.  3),  a  crustacean  inhabiting  sandy  and  muddy  bottoms 
(Wehrtmann  and  Cortes,  2009)  that  can  be  easily  captured 
by  young  sharks  that  are  still  developing  their  hunting 
skills.  Adults  (both  female  and  male)  ate  less  of  this  crus¬ 
tacean  and  complemented  their  diet  with  cephalopods 


(in  the  case  of  females)  as  well  as  other 
crustacean  species  (in  the  case  of  males). 
These  results  indicate  that  adult  sharks, 
with  their  larger  size  and  better  hunting 
skills,  explore  new  areas  (i.e.,  the  pelagic 
zone)  while  they  search  for  food.  The  con¬ 
sumption  of  different  foods  by  sharks  at 
different  stages  of  sexual  maturity  may 
be  associated  with  1)  different  energy 
requirements,  2)  reproductive  processes, 
3)  cost-benefit  tradeoffs,  4)  prey  avail¬ 
ability,  and  5)  hunting  skills. 

To  date,  no  trophic  study  of  the  sick¬ 
lefin  smoothhound  had  analyzed  feeding 
patterns  throughout  the  year.  Therefore, 
this  study  is  the  first  to  have  conducted 
an  analysis  that  took  into  account  the 
trophic  spectrum  of  the  sicklefin  smooth- 
hound  in  4  trimesters.  The  results  of  our 
study  indicate  that  this  species  prefers  A. 
iridescens  throughout  the  year.  However, 
between  November  2003  and  January 
2004  the  prey  consumed  was  dominated 
by  crustaceans  (PSIRI:  69.7%),  and  in 
the  other  3  trimesters  the  presence  of 
A.  iridescens  increased  in  importance  by 
45-65%  (PSIRI)  and  there  was  a  corre¬ 
sponding  reduction  in  the  presence  of 
crustaceans  (Fig.  5). 

These  results  are  consistent  with  the 
abundance  of  crustaceans  estimated  by 
Mora  et  al.  (2010),  who  identified  150 
species  of  macroinvertebrates  (120  crus¬ 
taceans,  15  mollusks,  13  echinoderms, 
and  2  cnidarians),  with  the  most  abun¬ 
dant  species  being  a  swimming  crab, 
A.  iridescens,  followed  by  a  cephalopod, 
the  dart  squid.  These  observations  sup¬ 
port  our  results  that  indicate  that  the 
sicklefin  smoothhound  is  a  species  that 
specializes  in  the  consumption  of  crustaceans  that  are 
highly  abundant  in  the  zone  they  inhabit.  Because  of  the 
substantial  presence  of  crustaceans  in  stomachs  of  spec¬ 
imens  during  November-January  (Trimester  I)  and  the 
greater  number  of  individuals  in  Size  I  (n= 95)  analyzed  in 
the  study  period,  we  hypothesize  that  during  this  period 
juvenile  individuals  consume  more  small  crustaceans  that 
are  easier  to  hunt  and  digest.  Nonetheless,  more  studies 
are  required,  including  research  related  1)  to  abundance  of 
prey  species  and  (2)  to  other  biological  aspects  of  the  sick¬ 
lefin  smoothhound  (such  as  reproduction  and  growth)  that 
would  improve  understanding  of  the  spatial  and  temporal 
feeding  behavior  of  this  species. 

The  study  of  the  diet  of  sicklefin  smoothhounds  by 
Moreno-Sanchez  et  al.  (2012)  may  be  the  most  detailed  so 
far,  and  it  found  no  ontogenetic  changes  in  the  diet  of  this 
species.  Our  study,  in  contrast,  has  revealed  that  the  diet 
of  sicklefin  smoothhounds  changes  as  they  grow  (Fig.  4) 
and  become  sexually  mature  (Fig.  3),  from  a  diet  composed 
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Table  3 

Contribution  of  prey  to  the  similarity  of  diet,  by  sex,  stage  of  sexual  maturity,  and  size  class,  for  sicklefin  smoothhounds  ( Mustelus 
lunulatus)  caught  in  the  southeastern  Pacific  Ocean  during  November  2003-Oetober  2004,  based  on  similarity  percentage  analy¬ 
sis.  The  maturity  stages  are  juvenile  (J.)  and  adult  (A.),  and  the  size  classes  are  60-90  cm  in  total  length  (TL,  Size  I),  90-120  cm 
TL  (Size  II),  and  120—150  cm  TL  (Size  III).  A  dash  indicates  that  data  were  not  available  because  the  prey  species  was  not  shared 
between  categories. 


Combination 


Prey 

J.  female  vs. 
A.  female 

J.  male  vs. 
A.  male 

J.  female 
vs.  J.  male 

A.  female 
vs.  A.  male 

J.  female 
vs.  A.  male 

A.  female 
vs.  J.  male 

Size  I  vs. 
Size  II 

Size  I  vs. 
Size  III 

Size  II  vs. 
Size  III 

Dissimilarity  (%) 

86.28 

84.00 

80.40 

88.48 

82.67 

85.23 

82.37 

89.30 

90.92 

Achelous  iridescens 

34.52 

39.24 

45.82 

27.29 

33.46 

39.00 

38.46 

28.78 

25.35 

Lolliguncula  (Loliol- 
opsis)  diomedeae 

9.19 

— 

8.52 

5.36 

5.66 

8.38 

5.67 

11.73 

10.87 

Squilla  panamensis 

8.43 

- 

7.11 

5.25 

5.34 

7.11 

5.41 

10.16 

9.11 

Iliacantha  spp. 

7.76 

10.47 

8.97 

9.46 

10.93 

7.38 

9.99 

- 

6.20 

Calappula  saussurei 

5.61 

8.94 

5.69 

8.71 

9.29 

- 

7.61 

- 

5.22 

Mursia  spp. 

- 

6.97 

- 

9.17 

6.31 

- 

- 

9.66 

9.67 

Euphylax  robustus 

- 

- 

- 

- 

- 

- 

- 

6.39 

6.54 

Ethusa  spp. 

- 

- 

- 

- 

- 

- 

- 

- 

5.17 

Mollusks 

13.16 

5.98 

11.69 

8.09 

8.98 

11.43 

7.86 

16.78 

17.3 

Crustaceans 

82.18 

90.2 

84.48 

87.21 

85.72 

85.34 

87.63 

77.16 

77.49 

Fishes 

4.66 

3.82 

3.84 

4.70 

5.30 

3.33 

4.51 

6.06 

5.21 

Table  4 

Dietary  overlap  between  stages  of  sexual  maturity,  dietary  niche  breadth  (. BA),  and  trophic  position  (TP) 
for  sicklefin  smoothhounds  ( Mustelus  lunulatus)  caught  in  the  southeastern  Pacific  Ocean  during  Novem¬ 
ber  2003-October  2004.  An  asterisk  (*)  indicates  high  overlap.  n=number  of  stomachs  analyzed. 


Maturity  stage  and  sex 

Juvenile 
male  (n= 54) 

Adult  male 
(n= 90) 

Juvenile 
female  (n= 90) 

Adult  female 
(n=81) 

ba 

TP 

Juvenile  male 

_ 

0.03 

3.86 

Adult  male 

0.34 

- 

0.15 

3.49 

Juvenile  female 

0.02 

0.31 

- 

0.03 

3.85 

Adult  female 

0.60* 

0.47 

0.56* 

- 

0.29 

3.30 

almost  exclusively  of  A.  iridescens  to  one  including  other 
crustaceans,  cephalopods,  and  fishes.  This  diet  change 
may  be  related  1)  to  hunting  ability  and  skill  and  2)  to 
the  morphology  of  the  mouth  and  jaw  (Luczkovieh  et  a!., 
1995).  In  addition,  this  change  in  diet  is  reflected  in  the 
narrow  trophic  niche  and  the  low  dietary  overlap  between 
organisms  of  different  size  classes  of  sicklefin  smooth¬ 
hounds  considered  in  this  study  (Table  5). 

Because  sharks  exhibit  characteristics  typical  of  top- 
level  predators,  they  are  thought  to  regulate  prey  commu¬ 
nities  through  top-down  control  (e.g.,  Ferretti  et  ah,  2010; 
Navia  et  al.,  2010;  Bornatowski  et  a!.,  2014b),  together 
with  habitat  structure  and  ecosystem  productivity  (Estes 
et  ah,  2011;  Ripple  et  ah,  2014).  Consequently,  they  are 


regarded  as  a  key  functional  group  (Frisch  et  ah,  2016). 
Sharks  are  attributed  important  roles  in  marine  food 
webs;  however,  few  studies  have  provided  evidence  of  the 
presumably  high  trophic  positions  of  some  shark  species 
(Cortes,  1999). 

Nonetheless,  it  is  worth  noting  that  not  all  sharks  are 
top-level  predators  in  a  given  ecosystem  because  the 
potential  ecological  functions  of  the  species  are  related  to 
a  variety  of  factors,  such  as  feeding  habits,  maximum  body 
length,  geographic  and  environmental  range,  the  extent  to 
which  they  are  omnivorous,  and  vulnerability  to  predation 
by  other  sharks.  Hence,  the  results  of  the  study  by  Roff 
et  al.  (2016)  indicate  that  sharks  can  exercise  functions  as 
high-level  predators  (maximum  TL  >300  cm,  geographic 
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Table  5 

Dietary  overlap  between  size  classes,  dietary  niche 
breadth  (SA),  and  trophic  position  (TP)  in  sicklefin  smooth- 
hounds  ( Mustelus  lunulatus )  caught  in  the  southeastern 
Pacific  Ocean  during  November  2003-October  2004.  The 
size  classes  are  60-90  cm  in  total  length  (TL,  Size  I), 
90-120  cm  TL  (Size  II),  and  120-150  cm  TL  (Size  III).  An 
asterisk  (*)  indicates  high  overlap.  n=number  of  stomachs 
analyzed. 


Size 

class 

Size  I 
(71=100) 

Size  II 
(71=182) 

Size  III 
(77=32) 

ba 

TP 

Size  I 

_ 

0.02 

3.93 

Size  II 

0.12 

- 

0.06 

3.60 

Size  III 

0.31 

0.52* 

— 

0.13 

2.73 

range  of  100-1000  km,  highly  omnivorous),  intermediate 
mesopredators  (maximum  TL  150-300  cm,  geographic 
range  <10  km,  high  trophic  position),  or  small  mesopred¬ 
ators  (maximum  TL  <100  cm,  geographic  range  <10  km, 

generally  not  omnivorous). 

In  accordance  with  these  groupings,  this  study  classified 
the  sicklefin  smoothhound  as  an  intermediate  mesopreda- 
tory  shark  (mean  trophic  position:  3.59  [SD  0.24]).  This 
finding  is  consistent  with  the  trophic  position  estimated 
by  Cortes  (1999)  for  the  sicklefin  smoothhound  (3.9)  and 
for  other  species  of  the  genus  Mustelus,  for  example,  the 
brown  smoothhound  (3.6)  and  the  gray  smoothhound  (M. 
californicus ,  3.5).  Our  results  indicate  that  the  sicklefin 
smoothhound  could  be  an  important  factor  if  there  is  a 
substantial  change  in  the  populations  of  other  large  shark 
species  (Bornatowski  et  al.,  2014b). 

In  conclusion,  the  sicklefin  smoothhound  is  an  inter¬ 
mediate  mesopredator  that  regulates  the  most  abundant 
benthic  crustacean  populations  along  the  coast  of  Ecuador. 
Generally,  this  species  exhibits  behavior  and  habitat  segre¬ 
gation,  and  it  is  a  selective  predator  that  specializes  in  the 
consumption  of  highly  abundant  crustaceans  off  the  coast 
of  Ecuador.  In  this  study,  ontogenetic  changes  related  to 
stage  of  maturity,  size  class,  and  time  of  year  were  observed 
in  the  diet  of  sicklefin  smoothhounds.  This  study  fills  gaps 
in  our  knowledge  of  sharks  in  the  waters  of  Ecuador  and 
provides  data  for  Ecuador’s  national  plan  of  action  for  the 
conservation  and  management  of  sharks  (MICIP,  2006). 
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Abstract— The  movements  of  matur¬ 
ing  Pacific  salmon  ( Oncorhynchus  spp.) 
from  marine  waters  into  rivers  pose 
challenges  for  their  physiology,  espe¬ 
cially  in  basins  affected  by  human 
structures  and  increasing  tempera¬ 
tures.  This  study  determined  the  ther¬ 
mal  regimes  experienced  by  maturing 
Chinook  salmon  (O.  tshawytscha )  enter¬ 
ing  the  Lake  Washington  basin  in  west¬ 
ern  Washington  through  navigational 
locks  and  a  ship  canal  and  migrating 
through  the  lake  to  spawning  grounds. 
Chinook  salmon  entered  in  mid-summer, 
when  temperatures  were  warmest,  but 
often  moved  back  into  the  cool,  marine 
waters  of  Puget  Sound  before  travelling 
quickly  through  the  ship  canal  and  into 
Lake  Washington.  In  Lake  Washing¬ 
ton,  they  swam  above  and  below  the 
thermocline  and  made  little  use  of  the 
available  thermal  refuge  in  deep  water 
before  ascending  rivers  to  spawn.  The 
migration  timing  and  tactics  of  Chinook 
salmon  indicate  a  greater  tolerance  for 
warm  water  than  that  of  sympatric  sock- 
eye  salmon  (O.  nerka,  documented  in  an 
independent  study),  but  in  each  species 
the  ability  to  exploit  thermal  refuges 
may  be  essential  for  their  survival  in  the 
face  of  the  increasing  temperatures  seen 
in  this  basin  in  the  past  decades  and 
those  that  are  likely  to  continue  rising 
in  the  future. 
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Most  fish  species  live  entirely  in  fresh 
or  salt  water,  and  only  a  small  fraction, 
from  many  different  evolutionary  lin¬ 
eages,  migrates  regularly  between  these 
environments  (McDowall,  1988).  These 
diadromous  fish  species  always  experi¬ 
ence  a  decrease  in  salinity  and  tempera¬ 
ture  changes  when  entering  fresh  water. 
In  the  summer  and  early  fall  at  higher 
latitudes  (>40°N),  the  marine  waters 
are  typically  cooler  than  the  rivers,  but 
the  reverse  may  be  the  case  in  winter. 
Estuaries  are  the  transition  zone  for  this 
shift  between  marine  and  riverine  hab¬ 
itats,  affording  intermediate  conditions 
of  salinity  and  temperature.  However, 
estuaries  and  their  associated  water¬ 
ways  are  often  altered  by  human  devel¬ 
opment  (Nichols  et  al.,  1986;  Emmett 
et  al.,  2000;  Lotze  et  al.,  2006). 

The  thermal  transition  that  diadro¬ 
mous  fish  species  experience  in  estuar¬ 
ies  is  important  because  temperature 
affects  so  many  aspects  of  their  biology 
(Magnuson,  2010)  and  has  been  called 
the  abiotic  “ecological  master  factor” 
(Brett,  1971).  For  example,  temperatures 
that  adult  Pacific  salmon  (Oncorhyn¬ 
chus  spp.)  experience  in  coastal  marine 
waters  and  during  upriver  migration 
can  affect  survival  (Gilhousen,  1990; 


Hinch  et  al.,  2012),  maturation  (Ho see c 
et  al.,  2010),  and  reproductive  success 
(Minke-Martin  et  al.,  2018).  Conse¬ 
quently,  adult  Pacific  salmon  and  Atlan¬ 
tic  salmon  ( Salmo  salar)  show  many 
behavioral  responses  to  temperature, 
including  changes  in  vertical  distribu¬ 
tion  at  sea  (Quinn  et  al.,  1989;  Tanaka 
et  al.,  2000;  Walker  et  al.,  2000),  holding 
in  river  plumes  outside  estuaries  (Cooke 
et  al.,  2008;  Strange,  2013),  changing 
vertical  distribution  in  estuaries  (Olson 
and  Quinn,  1993),  delay  in  upriver 
migration  (Kristinsson  et  al.,  2015),  use 
of  cool  tributaries  or  deep  pools  (Berman 
and  Quinn,  1991;  Goniea  et  al.,  2006; 
Strange,  2010;  Moore  et  al.,  2012),  or 
spending  the  summer  below  the  thermo¬ 
cline  in  lakes  (Newell  and  Quinn,  2005; 
Mathes  et  al.,  2010). 

Many  Pacific  salmon  populations 
experiencing  high  water  temperatures 
are  at  low  levels  of  abundance,  and 
salmon  experience  en  route  or  prespawn¬ 
ing  mortality  in  some  years  (Gilhousen, 
1990;  Richter  and  Kolmes,  2005;  Hinch 
et  al.,  2012).  Temperatures  are  predicted 
to  continue  to  increase  in  the  future, 
exacerbating  the  problem  (Yates  et  al., 
2008;  Mantua  et  al,  2010).  The  chang¬ 
ing  thermal  regimes  may  be  especially 
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stressful  for  populations  migrating  through  estuaries  and 
river  corridors  that  have  been  modified  through  channel¬ 
ization,  reducing  suitable  holding  habitat,  and  where  struc¬ 
tures  such  as  locks  and  dams  have  altered  tidal  regimes  and 
hydrology  (Hallock  et  ah,  1970;  Potter,  1988;  Russell  et  al., 
1998;  Holbrook  et  ah,  2009). 

The  combination  of  warming  conditions  and  habitat 
alteration  is  exemplified  by  Lake  Washington  (Fig.  1),  in 
Washington  (Williamson  et  ah,  2009),  where  adult  Chi¬ 
nook  salmon  (O.  tshawytscha)  enter  from  July  through 
September — the  warmest  period  of  the  year  (Fig.  2A). 
Temperatures  in  the  lake  and  tributaries  have  been 
increasing,  especially  in  summer  (Quinn  et  ah,  2002; 
Winder  and  Schindler,  2004;  Fig.  2B).  In  contrast  to  large 
systems  like  the  Columbia  River,  where  salmonids  use 
tributary  junctions  as  thermal  refuges  (Keefer  et  ah, 
2018),  and  some  small  rivers  apparently  lacking  thermal 
refuges  (Hasler  et  ah,  2012),  the  Lake  Washington  sys¬ 
tem’s  primary  thermal  refuge  is  stratification  in  the  lake, 
but  other  small-scale  thermal  structures  (i.e.,  river  con¬ 
fluence  and  pools  in  rivers)  also  are  available.  The  sys¬ 
tem  also  poses  special  challenges  for  salmon,  including 
an  abrupt  change  in  salinity  from  Puget  Sound  to  the 
migration  corridor  above  the  locks  and  low  dissolved  oxy¬ 
gen  (DO)  levels  in  parts  of  the  corridor.  Increasing 


temperatures  may  adversely  affect  migration  rate  and 
spawning  success  of  Chinook  and  other  salmon  species  in 
this  system,  and  elsewhere  (Connor  et  ah,  2019),  but  the 
nature  and  extent  of  the  effects  may  depend  on  the 
behavioral  thermoregulation  and  other  tactics  used  by 
salmon  migrating  through  these  altered  waterways. 

In  this  study,  we  used  acoustic  transmitters  and  archi¬ 
val  temperature  loggers  to  determine  how  adult  Chinook 
salmon  migrate  through  a  complex  sequence  of  struc¬ 
tures  and  ambient  water  conditions  from  a  small,  marine- 
influenced  estuary  through  a  set  of  locks  and  a  shallow, 
warm  navigation  canal  into  a  large,  stratified  lake  and 
then  into  tributaries  for  spawning.  We  sought  to  determine 
whether  segments  of  the  migration  route  have  conditions 
that  delay  migration  and  expose  salmon  to  thermal  stress 
from  elevated  temperatures  that  might  affect  survival 
and  reproductive  success.  We  did  so  by  posing  the  follow¬ 
ing  questions:  1)  do  Chinook  salmon  move  back  and  forth 
between  marine  and  fresh  water  prior  to  upriver  migra¬ 
tion?  2)  do  water  temperatures  experienced  in  fresh  water 
affect  transit  time?  3)  do  the  salmon  minimize  exposure 
to  warm  water  by  moving  to  deeper,  cooler  water  where 
available?  and  4)  is  use  of  cool  water  affected  by  ambient 
DO  concentration  and  salinity?  In  this  context,  we  use  the 
term  experience  to  indicate  the  thermal  and  other  environ¬ 
mental  conditions  in  the  water  the  fish 
occupied,  without  making  any  implica¬ 
tion  regarding  preference  or  avoidance. 


Materials  and  methods 
Study  area 

Puget  Sound  is  a  large  (3700  km2)  fjord 
system  in  western  Washington  bordered 
by  British  Columbia,  Canada,  to  the 
north  (Fig.  1).  The  Lake  Washington 
watershed  covers  1274  km2  and  flows 
from  tributaries  of  Lakes  Sammamish 
and  Washington  through  a  navigation 
channel  (henceforth,  the  ship  canal ) 
through  the  north  end  of  Lake  Union,  to 
the  Hiram  M.  Chittenden  Locks  (hence¬ 
forth,  the  locks),  and  into  Shilshole  Bay. 
Salmon  Bay,  immediately  upstream  of 
the  locks,  has  a  saltwater  wedge,  and  we 
refer  to  this  bay  as  the  upper  estuary 
and  to  the  area  from  the  locks  down  to 
Shilshole  Bay  as  the  lower  estuary.  The 
lower  estuary  has  summer  mean  tem¬ 
peratures  of  12-13°C  and  salinity  of 
15-30.  The  saltwater  wedge  intrudes  up 
to  6  km  into  the  ship  canal  above  the 
locks,  but  the  highest  salinities  (1-20) 
and  most  mixing  are  within  1  km  of  the 
locks  (Fig.  1,  insets).  The  ship  canal  is 
12.5  km  long  from  Shilshole  Bay  to 
Lake  Washington  (10.8  km  from  the 
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Figure  1 

Map  showing  the  acoustic  monitoring  network  in  coastal  waters  near  Puget 
Sound,  in  western  Washington,  used  to  track  the  migration  of  tagged  adult 
Chinook  salmon  ( Oncorhynchus  tshawytscha )  in  2005  and  2006.  The  shade  of 
circles  indicates  the  year  of  deployment  of  acoustic  receivers.  The  other  maps 
show  locations  of  receivers  (circles)  and  of  tagging  and  release  events  (stars)  in 
the  ship  canal  (top)  and  locks  (bottom)  in  Lake  Washington. 
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Figure  2 

(A)  Migration  timing  of  sockeye  (Oncorhynclius  nerka )  and  Chinook 
(O.  tshawytscha)  salmon  at  the  locks  in  the  Lake  Washington  water¬ 
shed  in  Washington  (black  lines)  and  mean  lock  temperature  (gray 
line)  during  May-October  in  2005  and  2006.  The  timing  of  migration 
(black  lines)  is  presented  as  the  proportion  of  the  time  of  the  run  fish 
spent  at  various  temperatures.  (B)  Number  of  days,  by  year,  between 
the  first  and  last  days  when  the  epilimnetic  temperatures  exceeded 
20°C  in  Lake  Washington.  Data  were  provided  by  C.  DeGasperi, 
King  County  Department  of  Natural  Resources  and  Parks,  Seattle, 
Washington. 


locks  to  the  lake)  with  a  mean  depth  of  9  m  and  includes 
shallow  Lake  Union  (mean  depth:  10.5  m;  maximum: 
16  m).  Lake  Washington  has  a  surface  area  of  87.6  km2,  a 
mean  depth  of  32.9  m  (maximum:  65.2  m),  and  a  summer 
epilimnion  to  about  10  m.  Lake  Washington’s  2  largest 
tributaries  are  the  Cedar  River  and  the  Sammamish 
River,  which  drains  Lake  Sammamish  (surface  area: 
21  km2;  mean  depth:  18  m). 

The  locks  include  a  tidally  influenced  fish  ladder,  small 
(8  m  deep)  and  large  (16  m  deep)  lock  chambers,  a  spill¬ 
way  bay  (5  m  deep),  and  a  drain  above  the  large  lock  to 
return  salt  water  to  Puget  Sound.  The  large  lock  is  used 
by  migrating  salmon  and  is  included  in  the  area  defined 
as  the  lower  estuary.  The  locks  physically  separate  the 
freshwater  system,  without  any  tidal  elevation  changes, 
from  the  marine  system  where  tidal  amplitudes  reach  4  m. 


The  exchange  of  fresh  and  salt  water  occurs  pre¬ 
dominantly  in  localized  pulses  during  locking 
events,  resulting  in  unusual  circulation  patterns 
within  the  estuarine  portion  of  the  ship  canal. 
Salt  water  enters  when  the  locks  lift  vessels  from 
Puget  Sound  up  and  into  the  ship  canal;  there¬ 
fore,  temperatures  in  the  large  lock  chamber  can 
change  up  to  9°C  in  less  than  1  h.  Salt  water 
intrusion  in  spring  and  early  summer  is  usually 
restricted  to  the  lower  1.5  km  of  the  ship  canal, 
but  by  late  summer  it  reaches  Lake  Union  (4-6 
km  upstream),  although  at  lower  concentrations 
(salinity:  0-2)  than  near  the  locks  (salinity  up  to 
15).  Vertical  stratification  in  temperature  and 
salinity  occurs  in  Puget  Sound,  below  the  locks, 
within  the  large  lock,  in  the  saltwater  wedge  in 
Salmon  Bay,  in  the  ship  channel  (salinity  only), 
and  in  Lake  Union,  and  temperature  stratifica¬ 
tion  occurs  in  Lake  Washington  and  Lake  Sam¬ 
mamish.  Low  DO  levels  (<5  mg/L)  occur  near  the 
bottom  from  the  upper  estuary  starting  in  August 
until  the  end  of  September. 

Fish  capture  and  tagging 

In  2005  and  2006,  the  Washington  Department 
of  Fish  and  Wildlife  (WDFW)  and  R2  Resource 
Consultants1  (R2,  Redmond,  WA)  captured  368 
Chinook  salmon  by  using  a  purse  seine  in  the 
lower  half  of  the  large  lock  from  early  August 
through  early  September,  tagged,  and  immedi¬ 
ately  released  them  below  the  locks  in  the  lower 
estuary.  This  net  was  designed  for  sampling  and 
safely  releasing  juvenile  salmonids  (Durkin  and 
Park,  1967;  Ledgerwood  et  al.,  1991),  and  only 
fish  in  good  condition  were  used  for  tagging,  in  an 
effort  to  minimize  the  effects  of  handling  on  fish 
survival  and  behavior.  Catch  and  release,  from 
commercial,  scientific,  and  recreational  fisher¬ 
ies,  can  affect  survival,  physiology,  and  behavior 
of  salmon,  but  the  effects  are  context  dependent 
(Candy  et  al.,  1996;  Donaldson  et  al.,  2011;  Raby 
et  al.,  2015).  Given  the  nature  of  our  study  sys¬ 
tem,  there  was  no  way  to  know  how  salmon  would  have 
behaved  had  we  not  caught  and  tagged  them,  nor  did  it 
allow  us  to  compare  survival  rates  among  salmon  with  dif¬ 
ferent  types  of  tags.  However,  our  goal  was  not  to  assess 
survival,  it  was  to  examine  thermoregulatory  behavior,  for 
which  our  approach  was  standard  and  appropriate. 

The  Chinook  salmon  had  both  archival  temperature  data 
loggers,  implanted  by  using  tagging  techniques  similar  to 
those  in  Newell  and  Quinn  (2005),  and  passive  integrated 
transponder  (PIT)  tags;  approximately  25%  also  received 
acoustic  tags  (Table  1).  These  types  of  tags  yield  different 
but  complementary  kinds  of  information.  The  fish  ladder 


1  Mention  of  trade  names  or  commercial  companies  is  for  identifi¬ 

cation  purposes  only  and  does  not  imply  endorsement  from  the 
National  Marine  Fisheries  Service,  NOAA. 
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Table  1 


Mean  length  of  adult  Chinook  salmon  ( Oncorhynchus  tshawytscha)  captured  and  tagged  in  coastal  waters  near  Puget 
Sound  in  Washington  in  2005  and  2008,  and  associated  tagging  and  recovery  data  for  discrete  weekly  tagging  events. 
Standard  deviations  of  mean  lengths  are  given  in  parentheses.  PIT=passive  integrated  transponder. 


Tag  and  release  date 

Mean  fork 
length  (mm) 

No.  of 

archival/PIT 

tags 

No.  of 

acoustic  tags 

No.  of  PIT 
detections 

No.  of 
archival 
recoveries 

No.  of  archival 
and  acoustic 
recoveries 

ll-Aug-05 

780.7  (84.7) 

19 

15 

5 

4 

3 

17- Aug-05 

738.1(117.5) 

57 

7 

11 

9 

1 

24-Aug-Q5 

735.1  (82.0) 

72 

10 

17 

27 

3 

31 -Aug-05 

750.1  (105.7) 

50 

10 

7 

19 

4 

Mean  or  total  for  2005 

744.1(99.8) 

198 

42 

40 

59 

11 

9-Aug-06 

795.7  (63.9) 

50 

19 

12 

13 

7 

16-Aug-06 

768.4(96.0) 

32 

11 

3 

8 

4 

23 -Aug-06 

820.3  (72.3) 

29 

9 

2 

11 

2 

30-Aug-06 

789.7  (64.5) 

32 

7 

4 

13 

3 

6-Sep-06 

796.7  (64.8) 

21 

5 

0 

6 

1 

13-Sep-06 

842.0(117.3) 

10 

2 

2 

3 

0 

Mean  or  total  for  2006 

794.2  (82.6) 

174 

53 

23 

54 

17 

had  PIT  tag  detectors  in  a  pool  immediately  upstream  of 
the  exit,  indicating  the  proportion  of  fish  using  the  lad¬ 
der.  Archival  loggers  attached  externally,  just  behind  the 
dorsal  fin,  recorded  ambient  temperatures  experienced  by 
the  salmon.  For  data  loggers,  we  used  model  iBCod  (Alpha 
Mach,  Ste-Julie,  Quebec)  type  Z  (high  resolution  ±0.125°C, 
precision  ±1°C,  temperature  range  of  -5-26°C,  weight  of 
12  g  in  air),  a  size  appropriate  for  tagging  fish  50-100  cm 
in  fork  length,  and  attached  them  to  the  salmon  by  using 
nickel  pins  and  vinyl  disks.  The  temperature  loggers 
recorded  data  hourly  for  95  d  but  had  to  be  recovered  to 
acquire  the  data.  Moreover,  the  precise  location  of  the  fish 
had  to  be  inferred  from  the  thermal  regime  or  detection  of 
a  transmitter  in  the  fish  (if  it  had  one)  when  it  passed  a 
receiver. 

Locations  of  95  Chinook  salmon  were  determined  by 
using  acoustic  transmitters  weighing  <12  g.  Vemco  (Bed¬ 
ford,  Canada)  V13-1L  (22)  and  V13P-1L  pressure  sen¬ 
sors  (63)  and  V9-6L  (11)  acoustic  tags,  with  20-60  s  and 
30-90  s  minimum  and  maximum  pulse  rates  (or  intervals 
between  each  signal  transmission),  were  inserted  into 
stomachs.  The  detection  range  of  the  tags  in  marine  and 
deep  areas  in  fresh  water  was  about  100-400  m  for  the 
V9  and  200-600  m  for  the  V13  tags.  Detection  ranges  for 
all  tags  declined  to  about  10-100  m  in  shallow  areas  and 
were  affected  by  proximity  to  the  shoreline,  fish  depth, 
and  other  local  features. 

Data  retrieval  from  tags  and  environmental  monitors 

Vemco  VR2  acoustic  receivers  (16  in  2005  and  21  in  2006) 
were  installed  along  the  migration  corridor  (Fig.  1;  see  also 
Goetz,  2016)  before  the  Chinook  salmon  were  tagged  and 
before  they  were  retrieved  after  the  spawning  season.  All 
detections  were  checked,  and  erroneous  records,  incon¬ 
sistencies,  and  data  anomalies  were  removed.  Data  from 


other  researchers  were  obtained  either  through  direct  con¬ 
tact  or  from  online  databases  (Hydraphone  Data  Repos¬ 
itory,  available  from  website;  Ocean  Tracking  Network, 
available  from  website).  Four  sets  of  antennae  and  PIT 
tag  readers  were  installed  in  the  fish  ladder;  sequential 
detections  indicated  the  direction  of  movement. 

To  characterize  the  conditions  available  to  salmon,  we 
obtained  data  on  salinity,  temperature,  and  DO  concen¬ 
tration  from  fixed  stations  and  from  water-quality  data 
collected  by  various  agencies  (Table  2),  including  data  in 
the  large  lock  during  1  d  each  year  of  the  study  by  mea¬ 
suring  temperature  and  salinity  changes  over  a  series  of 
lock-filling  events.  We  monitored  temperature  hourly  in 
the  large  lock  during  the  course  of  the  study  by  using  a 
thermometer  at  a  depth  of  10  m  (in  2005)  and  near  surface 
(in  2006). 

Data  analysis 

Telemetry  data  indicating  time  and  depth  at  fixed  receivers 
were  combined  with  hourly  data  from  archival  tempera¬ 
ture  loggers  to  reveal  the  thermal  experience  of  individual 
fish  along  their  route.  This  was  done  by  constructing,  for 
each  fish,  a  chronology  by  merging  the  logger  data  (with 
temperature,  date,  and  time)  with  the  receiver  data  (with 
date,  time,  and  depth,  at  fixed  locations).  Salmon  were 
excluded  from  analysis  if  they  apparently  died,  they  were 
not  detected  upriver  of  the  locks,  or  the  date  and  location 
of  the  recovery  of  their  archival  tag  could  not  be  verified. 
Analyses  were  designed  to  describe  the  behavior  and  envi¬ 
ronmental  experience  of  fish  by  recovery  location  and  by 
segment  of  the  migration  route.  The  segments  were  as 
follows:  1)  marine  waters  of  Puget  Sound  to  the  locks, 
2)  upper  estuary  above  the  locks  in  Salmon  Bay,  3)  ship 
canal  and  Lake  Union,  4)  Lake  Washington,  including  the 
deltas  of  the  Sammamish  River  and  the  Cedar  River,  5)  the 
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Table  2 

Information  about  the  water-quality  stations  along  the  salmon  migration  corridor  from  Puget  Sound  to  spawning 
streams  in  Washington,  including  the  period  of  record  considered  for  this  study  of  adult  Chinook  salmon  ( Onco - 
rhynchus  tshawytscha),  frequency  of  measurements,  depth,  and  parameters  used.  Data  sources  are  the  U.S.  Army 
Corps  of  Engineers,  Muckleshoot  Tribe,  and  Eng  County  Department  of  Natural  Resources.  Parameters  include 
temperature  (Temp),  dissolved  oxygen  concentration  (DO),  salinity  (Sal),  and  rate  of  flow  (Flow). 


Ship  canal  location 

Year 

Frequency 

Depth  (m) 

Parameters 

Latitude 

Longitude 

Marine,  West  Point 

2000-09 

Monthly 

1-25+ 

Temp,  DO,  Sal 

47.663 

-122.448 

Shilshole  Bay 

2005-06 

Hourly 

0.5, 1,4 

Temp,  Sal 

47.666 

-122.400 

Large  lock 

2005-06 

Hourly 

1,  10 

Temp 

47.665 

-122.396 

Salmon  Bay  1 

2005-06 

Hourly 

5.3,  8.3, 11,  13 

Temp,  Sal 

47.665 

-122.395 

Salmon  Bay  2 

2005-06 

Hourly 

2,  5,  7,  9-13 

Temp 

47.665 

-122.392 

Salmon  Bay 

2006 

Weekly 

1-15 

Temp,  DO,  Sal 

47.665 

-122.394 

Ship  Canal  West 

2005 

Weekly 

1-9 

Temp,  DO,  Sal 

47.656 

-122.367 

Lake  Union  North 

2005-06 

Weekly 

1-12 

Temp,  DO,  Sal 

47.643 

-122.336 

Ship  Canal  East 

2005-06 

Weekly 

1-8 

Temp,  DO 

47.648 

-122.312 

Lake  Washington 

2005-06 

Hourly 

2,  6,  8, 10,  20 

Temp 

47.643 

-122.271 

Cedar  River 

2005-06 

Hourly 

1 

Temp,  Flow 

47.482 

-122.203 

Sammamish  River  1 

2005-06 

Hourly 

1 

Temp,  Flow 

47.703 

-122.143 

Sammamish  River  2 

2005-06 

Hourly 

1 

Temp,  Flow 

47.662 

-122.124 

Cottage  Creek 

2005-06 

Hourly 

1 

Temp,  Flow 

47.717 

-122.088 

Issaquah  Creek 

2005-06 

Hourly 

1 

Temp 

47.552 

-122.048 

Sammamish  River,  6)  Lake  Sammamish,  and  7)  spawning 
tributaries,  including  the  Cedar  and  Sammamish  Rivers 
and  Issaquah,  Cottage,  and  Kelsey  Creeks. 

Telemetry  data  indicate  the  residence  time  (defined  by 
the  first  and  last  detections)  in  each  migration  segment. 
For  fish  with  only  archival  temperature  data,  we  inferred 
the  transitions  between  segments  by  comparing  that 
fish’s  temperature  record  with  those  of  fish  carrying  both 
archival  and  acoustic  tags  (Table  1,  Fig.  3).  Residence 
time  by  migration  segment  was  evaluated  through  anal¬ 
ysis  of  variance  (ANOVA)  with  year  and  tagging  week 
as  factors,  by  using  the  duration  of  residence  and  also 
the  proportion  of  the  total  time  spent  in  a  migration  seg¬ 
ment.  For  fish  with  acoustic  tags,  the  depth  recorded  on 
the  receiver  was  used  to  estimate  the  ambient  tempera¬ 
ture  based  on  vertical  thermal  profiles  at  that  location 
(Table  2).  A  2-way  ANOVA  was  used  to  test  for  significant 
differences  between  years  and  among  weekly  tagging 
groups  for  each  metric. 

Mean  daily  temperatures  were  calculated  from  archi¬ 
val  tag  records  of  temperatures  experienced  by  individ¬ 
ual  fish.  The  accumulated  degree  days  (DD,  mean  daily 
temperature  exposure  above  0°C)  for  each  fish  were 
calculated  by  summing  the  mean  daily  temperatures 
it  experienced  during  the  entire  migration  or  in  spe¬ 
cific  migratory  segments.  To  assess  possible  cumulative 
stress,  mean  daily  temperatures  that  exceeded  thresh¬ 
olds  of  18.0°C  and  20.0°C  were  also  summed  for  each 
migrant.  These  2  thresholds  are  associated  with  stress 
response  in  Pacific  salmon  (McCullough  et  ai,  2009;  E ba¬ 
son  et  al.,  2011)  and  with  potential  changes  in  behav¬ 
ior  for  thermoregulation  (e.g.,  Berman  and  Quinn,  1991; 
Goniea  et  a!.,  2006). 


Resuits 

Movements  and  residence  time 

All  but  1  of  the  95  acoustic-tagged  Chinook  salmon  were 
detected  at  least  once  in  the  Lake  Washington  basin,  and 
63  PIT-tagged  fish  were  detected  in  the  fish  ladder  (40  in 
2005  and  23  in  2006).  Archival  tags  were  recovered  from 
113  salmon,  primarily  in  spawning  streams  and  in  the 
hatchery  that  raises  Chinook  salmon  on  Issaquah  Creek. 
Data  were  also  collected  from  28  fish  with  both  archival 
and  acoustic  tags  (Table  1).  The  transmitters  provided 
over  450,000  detections  for  up  to  61  d.  We  reduced  the 
number  for  analysis  to  62  fish  by  removing  fish  that  had 
transmitter  failure  or  malfunction  that  limited  the  num¬ 
ber  of  detections,  died  or  had  a  regurgitated  tag,  left  the 
watershed,  or  remained  in  the  lower  estuary.  After  enter¬ 
ing  the  lower  estuary  following  tagging,  51%  of  acoustic- 
tagged  fish  moved  continuously  upstream,  21%  returned 
once  to  Puget  Sound,  16%  returned  twice,  and  13% 
returned  3  or  more  times.  To  reach  the  upper  estuary,  17% 
of  the  fish  used  the  fish  ladder  and  83%  used  the  large 
lock,  as  indicated  by  PIT-tag  detections.  After  reaching  the 
upper  estuary,  62%  of  the  fish  continued  upstream,  21% 
returned  once  to  the  lower  estuary,  9%  returned  twice,  and 
8%  returned  3  or  more  times. 

Individual  Chinook  salmon  displayed  diverse  patterns 
of  thermal  experience,  resulting  from  time  spent  in  differ¬ 
ent  areas  along  the  migration  route:  cool  in  the  lower  estu¬ 
ary,  warm  in  the  upper  estuary  and  ship  canal,  and  cool  in 
Lake  Washington’s  deep  waters.  In  addition  to  variation  in 
thermal  experience  arising  from  horizontal  movement 
patterns,  some  fish  remained  below  the  thermo-halocline, 
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ship  canal  to  Lake  Washington.  Those  migrating 
into  the  Lake  Sammamish  system  spent,  on  aver¬ 
age,  7.9  d  in  Lake  Washington,  7.5  d  in  the  Sam¬ 
mamish  River,  and  4.8  d  in  Lake  Sammamish. 
Individuals  returning  to  the  Cedar  River  spent 
on  average  20.2  d  in  Lake  Washington  before 
ascending  the  river — the  same  total  period  as 
those  moving  through  to  Lake  Sammamish. 

The  proportion  of  total  residence  time  in  the 
estuary  (lower  and  upper)  was  similar  between 
years  and  tagging  groups  (mean:  47.1%  [standard 
deviation  (SD)  17.9],  P=0.36;  Table  3).  However, 
there  was  an  inverse  relationship  between  time 
spent  in  the  estuary  and  in  Lake  Washington  (coef¬ 
ficient  of  correlation  [r]=-0.350,  df-91,  P<0.001) 
that  tended  to  conserve  the  overall  transit  time. 
This  correlation  was  significant  and  stronger  in 
2006  (r=-0.546)  than  in  2005  (/'=— 0. 1 18). 

Environmental  conditions  available 
to  Chinook  salmon 

The  temperatures  along  the  migration  route  were 
coolest  in  Puget  Sound  (range:  10-18°C),  warmer 
in  Salmon  Bay  (15.4-22.6°C)  and  the  ship  canal 
(17.3-22.5°C),  and  variable  with  depth  in  Lake 
Washington  (8.5-22.5°C;  Table  4).  The  estu¬ 
ary  had  a  zone  of  dynamic  short-term  mixing  of 
warm  fresh  water  (20-23°C)  and  colder  salt  water 
(12-15°C)  environments.  The  large  lock  and  a 
small  area  of  the  upper  estuary  had  a  halocline 
at  about  10  m;  the  upper  estuary’s  halocline  had 
warmer  surface  water  in  August  than  that  of  the 
large  lock  (19.5°C  versus  15.5°C).  The  DO  levels 
at  lower  depths  (13-10  m)  in  the  upper  estuary 
ranged  from  5.7  to  7.1  mg/L,  whereas  in  Lake 
Washington  DO  concentration  at  similar  depths 
ranged  from  6.4  to  7.4  mg/L. 

The  upper  estuary  was  slightly  warmer  than 
Lake  Washington  (20.8°C  versus  20.2°C)  at 
depths  from  2  to  10  m,  and  more  so  at  12  m  (just 
above  the  typical  thermocline  depth:  19.6°C  ver¬ 
sus  17.9°C;  Table  4).  In  2005,  it  was  1.3°C  warmer 
than  in  2006  at  all  depths  above  12  m  in  the 
upper  estuary  and  0.4°C  warmer  in  Lake  Washington  at 
depths  above  10  m.  Temperatures  in  the  upper  estuary 
were  similar  at  depth  between  August  and  September  in 
2005,  whereas  in  2006  temperatures  were  more  than  2.0°C 
cooler  in  August  than  in  September  at  each  depth.  Lake 
Washington  temperatures  in  August  at  depths  <10  m  were 
slightly  warmer  in  2005  than  in  2006,  and  temperatures 
were  similar  each  year  in  September;  in  both  years  August 
was  1-2°C  warmer  than  September. 

Depths  and  temperatures  experienced  by  Chinook  salmon 

The  depths  occupied  by  Chinook  salmon  varied  by  reach 
and  were  influenced  by  bottom  depth  and  the  presence 
of  thermal  stratification  (Fig.  4;  see  also  Goetz,  2016). 
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Figure  3 

Typical  hourly  temperatures  by  location  for  Chinook  salmon  (Onco¬ 
rhynchus  tshawytscha)  migrating  from  the  upper  estuary  in  the 
Lake  Washington  watershed,  in  western  Washington,  to  their  final 
capture  location  in  (A)  Cedar  River  and  (B)  Issaquah  Creek  during 
July-October  in  2005  and  2006. 


occupied  cooler  temperatures  in  the  late  afternoon  and 
evening,  and  rose  in  the  water  column  to  shallower  depths 
during  the  rest  of  the  24-h  period. 

The  Chinook  salmon  reached  the  spawning  grounds 
slightly  faster  in  2005  than  in  2006  (mean:  34.1  and  36.0  d, 
respectively,  F=6.5,  P<0.01;  Table  3),  and  fish  tagged  ear¬ 
lier  in  August  were  slower  in  2005  and  2006  (mean:  41.5 
and  37.1  d,  respectively)  than  those  tagged  later  in  both 
years  (mean:  31.0  and  33.8  d,  respectively).  The  salmon 
took  longer  to  move  through  the  lower  estuary  (from  Puget 
Sound  to  Salmon  Bay)  in  2005  than  in  2006  but  moved 
through  the  upper  estuary  faster  in  2005  than  in  2006; 
therefore,  the  overall  time  was  similar  between  years. 
Once  they  exited  the  upper  estuary,  Chinook  salmon 
moved  quickly  (mean:  0.6  d)  through  the  10.8  km  from  the 
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Table  3 

Residence  times  of  adult  Chinook  salmon  (Oncorhynchus  tshawytscha )  tagged 
in  Lake  Washington  in  western  Washington  during  2005  and  2006,  with  mean 
number  of  days  and  standard  deviations  (SDs)  given  in  the  upper  table  and  mean 
proportions  of  time  and  SDs  provided  in  the  lower  table,  by  migration  segment 
and  year.  Residence  times  were  measured  by  acoustic  (number  of  tags  [n]=26) 
and  archival  (n= 67)  tags  or  by  archival  tags  only.  For  each  migration  segment, 
the  number  of  tags  used  to  generate  the  estimate  is  shown  in  parentheses. 


Mean  number  of  days  (SD) 

Migration  segment  (no.  of  tags) 

2005 

2006 

Grand 

Estuary  (lower  and  upper:  93) 

15.8(7.3) 

17.2(7.7) 

16.5  (7.5) 

Ship  canal  (92) 

0.6  (0.3) 

0.4  (0.3) 

0.5  (0.3) 

Lake  Washington  (93) 

6.8  (6.5) 

8.9  (7.9) 

7.9  (7.3) 

Sammamish  River  (66) 

8.8  (6.2) 

6.3  (6.0) 

7.5  (6.2) 

Lake  Sammamish  (62) 

4.6  (3.9) 

4.8 (4.1) 

4.7  (3.9) 

Total 

34.1  (9.7) 

36.0  (8.9) 

35.1  (9.3) 

Mean  proportion  of  time  (SD) 

Migration  segment 

2005 

2006 

Grand 

Estuary  (lower  and  upper) 

47%  (19) 

47%  (17) 

47%  (18) 

Ship  canal 

2%  (1) 

1%  (1) 

2%  (1) 

Lake  Washington 

15%  (12) 

20%  (21) 

18%  (17) 

Sammamish  River 

24%  (16) 

17%  (13) 

20%  (15) 

Lake  Sammamish 

13%  (13) 

13%  (10) 

13%  (11) 

Table  4 

Temperatures  experienced  (ranges  and  means)  by  Chinook  salmon  (Oncorhynchus  tshawytscha )  during  upriver  migration  in  rela¬ 
tion  to  tagging  week  in  2005  and  2006  in  coastal  waters  of  Washington  near  Puget  Sound.  Segments  of  migration  include  the  lower 
and  upper  estuary  of  the  Lake  Washington  watershed,  ship  canal,  Lake  Washington,  Lake  Sammamish,  Sammamish  River,  and 
entryways  of  tributaries.  Dates  of  tagging  weeks  are  provided  in  Table  1. 


Migration  segment 


Group 

Lower  estuary 

Upper  estuary 

Ship  canal 

L.  Washington 

L.  Sammamish 

Sammamish  R.  ' 

Frib.  entry 

Range 

Mean 

Range 

Mean 

Range 

Mean 

Range 

Mean 

Range 

Mean 

Range 

Mean 

Mean 

Week  1 

11.9-17.9 

14.0 

16.3-21.9 

19.1 

18.9-21.4 

20.4 

9.6-21.4 

16.4 

13.3-20.4 

17.4 

13.0-19.5 

16.6 

11.0 

Week  2 

12.1-17.8 

14.6 

16.0-22.3 

19.1 

17.9-22.0 

20.2 

9.6-21.5 

17.1 

13.0-20.4 

17.2 

12.5-18.9 

15.2 

12.5 

Week  3 

12.4-17.9 

14.7 

16.0-22.6 

19.1 

18.3-22.3 

20.4 

9.3-21.5 

16.9 

12.8-20.5 

16.9 

12.5-19.3 

15.3 

12.4 

Week  4 

12.5-18.3 

14.9 

15.9-21.3 

18.5 

18.0-20.6 

19.7 

8.5-20.5 

16.8 

11.9-19.4 

16.5 

10.0-17.1 

14.5 

12.2 

Week  1 

10.1-18.3 

13.8 

15.4-22.5 

19.5 

17.3-22.5 

20.9 

9.5-22.5 

18.1 

12.5-21.5 

17.1 

13.1-21.0 

16.5 

12.8 

Week  2 

11.9-17.4 

13.3 

15.6-21.8 

18.9 

18.1-22.1 

20.4 

9.1-21.6 

17.5 

13.0-20.3 

17.1 

13.5-21.4 

16.7 

12.7 

Week  3 

11.9-17.8 

14.4 

15.9-20.9 

18.4 

18.1-21.0 

19.8 

10.6-21.1 

17.2 

13.0-20.0 

17.2 

13.1-19.3 

15.4 

12.0 

Week  4 

13.3-18.0 

15.2 

16.3-21.1 

18.7 

17.4-21.1 

20.2 

9.1-21.4 

17.4 

13.0-20.5 

17.2 

11.6-18.0 

15.3 

12.3 

Chinook  salmon  in  Puget  Sound  occupied  depths  from 
near  the  surface  to  >150  m  (mean:  15  m  in  2005,  20  m  in 
2006).  In  the  cooler,  mixed  lower  estuary,  most  detections 
were  at  depths  <5  m.  In  the  large  lock  and  upper  estuary, 
they  remained  near  the  bottom  at  depths  of  10-14  m. 
Most  detections  were  at  depths  <5  m  in  the  ship  canal, 


between  5-15  m  in  Lake  Washington,  and  <3  m  near 
tributary  deltas. 

The  archival  data  loggers  provided  60,406  tempera¬ 
ture  records  from  Chinook  salmon  prior  to  entering 
spawning  tributaries  (mean:  875  records/fish;  range: 
477-1477  records/fish).  Of  these  hourly  records,  15.0% 
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Figure  4 

Mean  depth  of  tagged  Chinook  salmon  (Oncorhynchus  tshawytscha) 
(bars)  and  mean  bottom  depth  (solid  line)  near  acoustic  receivers 
along  the  migration  route  of  Chinook  salmon  in  2005  and  2006.  Loca¬ 
tions  in  Washington  where  depth  data  were  recorded  include  Puget 
Sound,  the  lower  and  upper  estuary,  the  large  lock,  and  the  ship 
canal  of  the  Lake  Washington  watershed,  central  and  south  Lake 
Washington  (LWA),  Sammamish  River  delta,  Cedar  River  delta,  and 
Lake  Sammamish  outlet.  Error  bars  indicate  standard  deviations. 


were  assigned  to  the  lower  estuary,  31.3%  to  the  upper 
estuary,  1.4%  to  the  ship  canal,  21.0%  to  Lake  Washing¬ 
ton,  19.7%  to  the  Sammamish  River,  and  11.6%  to  Lake 
Sammamish.  Most  individuals  experienced  a  wide  range 
of  water  temperatures  with  typical  minima  of  9-12°C 
and  maxima  of  20-22°C  (examples  in  Figure  3).  The  fish 
experienced  diel  temperature  fluctuations  (warm  in  the 
afternoon  and  cool  in  early  morning)  in  all  areas,  but 
daily  ranges  were  greater  (up  to  4-6°C)  in  Lakes  Wash¬ 
ington  and  Sammamish,  moderate  in  the  estuary  and 
river  (2-3°C),  and  smallest  in  the  ship  canal  (1-2°C) 


where  the  water  was  more  uniformly  warm.  The 
highest  temperatures  and  greatest  change  in 
temperatures  fish  experienced  were  from  entry 
into  the  lower  estuary  (mean:  15.1°C)  to  the  fish 
ladder’s  exit  (mean:  21.6°C)  for  an  average  2-h 
change  of  6.5°C. 

Cool,  saline  water  near  the  bottom  was  more 
available  during  the  day  than  at  night  because 
this  water  intruded  during  locking  events,  which 
took  place  primarily  during  the  day.  The  typical 
behavior  of  Chinook  salmon  included  holding 
for  several  days  below  the  thermo-halocline  in 
the  lower  estuary  in  the  large  lock  (mean  depth: 
10  m;  salinity:  12-27)  and  upper  estuary  (mean 
depth:  13  m;  salinity:  1-18).  Temperatures  at  the 
depths  most  often  used  varied  markedly  between 
the  large  lock  (14-17°C)  and  the  upper  estuary 
above  the  locks  (19-21°C).  In  the  upper  estuary, 
fish  experienced  warmer  temperatures  in  the 
morning  (mean:  19.9°C)  as  their  depth  shallowed 
after  dawn  (~11  m),  through  late  morning,  and 
then  the  temperatures  decreased  (18.6°C)  with 
the  increased  depth  (~13  m)  into  the  evening. 
Therefore,  despite  the  afternoon  rise  in  tem¬ 
peratures  at  the  surface,  the  temperatures  occu¬ 
pied  by  the  fish  decreased.  Cool,  saline  water  at 
depth  was  increasingly  available  during  the  day 
because  this  water  entered  during  locking  events 
that  occurred  primarily  during  the  day.  Within 
Lake  Washington,  Chinook  salmon  occupied 
depths  from  near  the  surface  to  >20  m,  above 
and  below  the  thermocline  (Figs.  3  and  4).  Most 
(73%)  recorded  temperatures  were  15-20°C,  cor¬ 
responding  to  depths  near  and  above  the  thermo¬ 
cline  (10-15  m;  Fig.  5).  In  2006,  the  salmon  spent 
more  time  within  10  m  of  the  surface  than  in 
2005,  the  warmer  year  (21%  versus  4%). 

The  highest  temperatures  experienced  by 
individual  Chinook  salmon  were  22.6°C  in  2005 
and  22.5°C  in  2006.  The  average  maxima  among 
fish  were  the  same  (21.4°C)  in  both  years,  with 
the  warmest  temperatures  in  the  upper  estuary 
(22.6°C),  Lake  Washington  (22.6°C),  the  ship 
canal  (22.5°C),  and  Lake  Sammamish  (21.5°C) 
(Fig.  6).  All  Chinook  salmon  experienced  one  or 
more  12-24-h  periods  of  temperatures  >18°C, 
and  85%  of  salmon  had  one  or  more  such  periods 
>20°C.  Overall,  40.1%  of  the  records  were  >18°C, 
and  2.1%  were  >20°C.  Chinook  salmon  were  not  exposed 
to  water  >18°C  in  Puget  Sound  but  had  extended  exposure 
in  the  upper  estuary  (98%  of  daily  mean  temperatures 
>18°C  in  August)  and  in  Lake  Washington  (45%  of  daily 
means  >18°C  in  September). 

Chinook  salmon  that  arrived  and  were  tagged  earlier  in 
the  summer  tended  to  spend  longer  in  transit  prior  to  enter¬ 
ing  a  tributary  for  spawning  than  did  those  arriving  later. 
Specifically,  fish  tagged  in  the  first  week  spent  an  average 
of  50.7  d  in  2005  and  42.7  d  in  2006,  decreasing  to  31.8  d 
in  2005  and  26.2  d  in  2006  for  the  last  group  (Table  1). 
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Figure  S 

Proportions  of  temperature  records,  from  tags  implanted 
in  Chinook  salmon  ( Oncorhynchus  tshawytscha),  in  Lake 
Washington  in  western  Washington  during  2005  and  2006 
for  each  of  the  depth  strata  where  those  temperatures 
were  experienced. 


Therefore,  there  was  more  variation  in  arrival  dates  into 
the  system  than  variation  in  ascent  into  spawning  streams. 
The  total  thermal  exposure  (DD)  from  tagging  to  spawning 
stream  ascent  was  higher  in  the  early  arriving  fish  (means 
for  the  first  week:  844.4  in  2005  and  723.8  in  2006)  than 
those  arriving  in  the  last  week  (means:  521.1  in  2005  and 
449.3  in  2006) — a  consequence  of  the  warmer  water  experi¬ 
enced  by  and  longer  exposure  of  the  earlier  fish. 

Discussion 

The  Chinook  salmon  entering  the  Lake  Washington  sys¬ 
tem  faced  environmental  challenges  that  are  both  unique 
and  generic.  Few  rivers  that  salmon  ascend  have  locks 
between  fresh  and  salt  waters,  and  such  structures  pro¬ 
duce  unusual  combinations  of  temperature,  salinity,  and 
DO  level  with  abrupt  changes  over  short  temporal  and 
spatial  scales,  both  vertically  and  horizontally.  However, 
although  the  physical  structure  and  these  features  of  the 
environment  are  unique,  the  system  is  experiencing  the 
increases  in  temperature  (Fig.  2)  that  also  characterize 
many  migratory  corridors  for  salmonids  and  other  fish 
species  (Quinn,  2018).  In  this  context,  the  increasing  tem¬ 
peratures  in  Lake  Washington  are  simply  part  of  a  much 
broader  pattern  of  climate-driven  change,  although  each 
river  and  lake  has  its  own  characteristics.  These  tem¬ 
peratures  pose  challenges  for  salmon;  therefore,  further 
information  on  how  they  confront  thermal  barriers  will  be 
important  to  determine  their  likelihood  of  survival  (Hasler 
et  al.,  2012;  Fenkes  et  a!.,  2016;  Connor  et  a!.,  2019). 

We  posed  a  series  of  questions  to  help  characterize 
the  ways  in  which  Chinook  salmon  address  these  chal¬ 
lenges,  either  by  making  use  of  refuges  and  other  forms 
of  avoidance  when  confronted  with  adverse  conditions  or 


by  tolerating  the  conditions.  In  addition,  given  the  later 
migration  in  the  season  and  generally  warmer  water  expe¬ 
rienced  by  Chinook  salmon  compared  with  that  experi¬ 
enced  by  sympatric  sockeye  salmon  (O.  nerka )  (Newell  and 
Quinn,  2005),  we  predicted  that  the  former  would  show 
.greater  tolerance  of  higher  temperatures.  In  the  modified 
Lake  Washington  estuary,  Chinook  salmon  occupied  ther¬ 
mal  refuges  in  stratified  marine  and  freshwater  areas.  Most 
Chinook  salmon  left  the  estuary  after  tagging  and  spent  a 
few  days  in  Puget  Sound,  often  below  the  thermo-haloeline. 
Upon  return  to  the  upper  estuary,  they  either  held  in  the 
saltwater  wedge  for  a  week  or  more  or  went  back  to  Puget 
Sound  again.  These  movements  may  have  been  responses 
to  the  abrupt  change  in  salinity.  If  the  fish  were  not  fully 
tolerant  of  fresh  water,  the  scarcity  of  intermediate  salini¬ 
ties  may  have  stimulated  them  to  return  to  Puget  Sound 
and  to  enter  the  ship  canal  again  a  few  days  later.  To  reach 
the  upper  estuary,  most  Chinook  salmon  migrated  through 
the  locks  and  were  often  below  the  thermo-haloeline  in  the 
lock,  where  temperatures  were  intermediate  between  those 
in  Puget  Sound  and  the  upper  estuary.  A  smaller  fraction  of 
the  Chinook  salmon  ascended  the  fish  ladder.  Temperatures 
in  the  ladder  were  much  warmer  than  in  the  locks  because 
it  contained  the  surface  water  from  the  ship  canal.  Although 
the  tendency  to  use  the  locks  rather  than  the  ladder  was 
consistent  with  avoidance  of  warm  water,  it  is  certainly  not 
proof  of  it,  as  the  structures  differ  in  many  other  physical 
aspects  besides  temperature. 

The  warmest  and  likely  most  stressful  conditions  that 
all  Chinook  salmon  had  to  experience  were  in  the  upper 
estuary,  which  received  little  marine  input  and  was  domi¬ 
nated  by  the  warm  surface  waters  from  Lake  Washington 
and  Lake  Union.  Fish  there  occupied  the  deepest  waters 
below  the  thermo-haloeline  for  extended  periods  prior 
to  migration  to  Lake  Washington,  apparently  balancing 
the  benefits  of  low  temperature  against  the  drawbacks 
of  low  DO  concentration.  Chinook  salmon  tagged  during 
the  warmest  periods  in  early  August  remained  longer  in 
the  estuary  (lower  and  upper)  before  migrating  rapidly 
upstream  through  the  ship  canal  than  did  those  arriving 
in  September,  when  the  water  was  slightly  cooler.  Once 
in  Lake  Washington,  most  fish  resided  for  some  period  at 
depths  near  the  thermocline  with  vertical  migrations  to 
use  cooler  water,  and  they  eventually  moved  toward  shal¬ 
lower  river  deltas  where  they  experienced  high  tempera¬ 
tures  before  entering  rivers  with  cooler  water. 

Despite  avoiding  the  warmest  surface  waters,  all  Chi¬ 
nook  salmon  experienced  temperatures  >  1 8°C  and  85% 
of  the  Chinook  salmon  experienced  temperatures  >20°C, 
a  threshold  associated  with  adult  migration  delay,  stress, 
and  potential  mortality  (Goniea  et  al.,  2006;  Keefer  et  ah, 
2009).  Chinook  salmon  in  the  upper  estuary  and  Lake 
Washington  occupied  vertical  positions  that  minimized 
their  exposure  to  the  warmest  temperatures,  as  do  Pacific 
salmon  in  other  man-made  and  natural  impoundments 
(Keefer  et  a!.,  2009;  Strange,  2012;  Keefer  et  ah,  2015). 
Diel  patterns  in  the  upper  estuary  followed  those  seen  in 
some  other  salmonids:  deeper  during  the  day  than  at  night 
(Newell  and  Quinn,  2005;  Mathes  et  al.,  2010;  Roscoe  et  al., 
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Figure  6 

Frequency  distribution  of  hourly  temperature  records  from  tags  implanted  in  Chinook  salmon  ( Onco¬ 
rhynchus  tshawytscha )  in  2005  and  2006,  by  migration  segment  from  Puget  Sound,  in  western  Wash¬ 
ington,  to  entry  into  a  spawning  tributary.  In  the  order  that  a  Chinook  salmon  would  move  through 
them,  the  migration  segments  are  (A)  Puget  Sound,  (B)  the  locks  and  (C)  ship  canal  in  the  Lake 
Washington  watershed,  (D)  Lake  Washington,  (E)  Sammamish  River,  and  (F)  Lake  Sammamish. 


2010),  although  Chinook  salmon  in  Puget  Sound  did  not 
display  diel  vertical  migrations  (Smith  et  al.,  2015).  Even 
with  behavioral  adaptation,  fish  residing  in  the  upper 
estuary  were  continuously  exposed  to  potentially  stress¬ 
ful  temperatures  (18-21°C)  while  experiencing  pulses 
of  brackish  water  (1-18)  and  variable  periods  of  low  DO 
concentration  (<6  mg/L).  The  available  alternatives  to  this 
refuge  were  to  revisit  marine  waters  or  swim  up  10.8  km 
through  even  warmer  waters  (21-22°C)  to  Lake  Washing¬ 
ton.  Lake  Union  provided  access  to  cooler  water  (14— 15°C 
at  a  depth  of  11  m)  between  the  upper  estuary  and  Lake 
Washington,  but  the  salmon  did  not  occupy  this  habitat.  In 
that  lake,  DO  levels  below  the  thermocline  were  <5  mg/L 
in  August  and  early  September  (USACE2),  a  level  causing 


2  USACE  (U.S.  Army  Corp  of  Engineers).  2005-2006.  Unpubl. 
data.  P.O.  Box  3755,  Seattle,  WA  98124-3755. 


avoidance  or  delay  in  migrating  Pacific  salmon  (Fujioka, 
1970;  Hallock  et  al.,  1970;  Alabaster,  1989).  In  Lake  Wash¬ 
ington,  Chinook  salmon  had  access  to  cooler  water  below 
the  thermocline  without  restriction  by  low  DO  concentra¬ 
tion,  yet  they  did  not  occupy  such  depths,  in  contrast  to 
sockeye  salmon  (Newell  and  Quinn,  2005). 

Comparisons  to  salmonids  in  other  systems  reveal  a 
variety  of  responses  to  adverse  conditions  along  the  migra¬ 
tory  corridor.  Most  Chinook  salmon  tagged  in  the  Klam¬ 
ath  River’s  estuarine  lagoon  returned  to  the  ocean  and 
remained  for  about  10  d  near  the  river  plume  before  mov¬ 
ing  upriver  (Strange,  2013),  as  did  Chinook  salmon  in  our 
study  although  for  a  shorter  period.  Similarly,  some  sock- 
eye  salmon  populations  hold  in  the  Fraser  River  plume 
prior  to  upriver  migration  (Cooke  et  al.,  2008).  The  migra¬ 
tory  behavior  of  Pacific  salmon  returning  to  estuaries 
and  rivers  includes  several  species  (e.g.,  Chinook  salmon, 
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sockeye  salmon,  and  steelhead,  O.  mykiss )  that  exhibit  die! 
vertical  movement  patterns  in  stratified  and  unstratified 
waters  (Drenner  et  al.,  2012).  Limited  available  data  indi¬ 
cate  that  salmon  in  estuaries  are  often  associated  with 
thermo-haloclines  (Brawn,  1982;  Westerberg,  1982;  B0ving 
et  al.,  1985;  Potter,  1988;  Olson  and  Quinn,  1993;  Strange, 
2013),  although  vertical  distribution  is  not  always  related 
to  oceanographic  conditions  (Quinn  et  al.,  1989;  Ruggerone 
et  al.,  1990;  Walker  et  al.,  2000;  Ishida  et  al.,  2001).  In  the 
Columbia  River  estuary,  individual  Chinook  salmon  made 
complex  vertical  movements  relative  to  varying  thermal 
and  salinity  gradients  (Olson  and  Quinn,  1993).  Vertical 
placement  near  dines  presumably  provides  advantages 
for  behavioral  thermo-osmoregulation  and  adjustment 
of  ambient  salinity  as  well  as  detection  of  olfactory  clues 
needed  for  homing  at  shear  zones  (Westerberg,  1982).  Tag¬ 
ging  studies  conducted  during  the  adult  migratory  stage 
have  revealed  rapid  transitions  from  saline  to  fresh  waters 
and  tolerance  for  substantial,  brief  changes  in  salinity 
among  salmonids  (Potter,  1988;  Olson  and  Quinn,  1993). 

Some  Chinook  salmon  populations  migrate  upriver 
during  the  highest  temperatures  in,  for  example,  the  Sac¬ 
ramento  (Alabaster,  1989),  Columbia  (Keefer  et  al.,  2015; 
Keefer  et  al.,  2018),  and  Fraser  (Waples  et  ah,  1990)  River 
systems,  although  other  populations  in  these  large  rivers 
migrate  later  or  earlier.  In  contrast,  coastal  populations  of 
sockeye  salmon  in  systems  subject  to  high  temperatures 
(mean:  19°C)  tend  to  migrate  prior  to  peak  temperatures 
(Hodgson  and  Quinn,  2002).  This  pattern,  combined  with 
the  more  southerly  distribution  of  Chinook  salmon  com¬ 
pared  with  that  of  sockeye  salmon,  indicates  substantially 
greater  thermal  tolerance  in  Chinook  salmon,  as  part  of 
the  suite  of  adaptations  of  salmonids  to  stressful  or  lethal 
effects  of  warm  temperatures  along  migration  routes  (Cro- 
zier  et  al.,  2008).  However,  population-specific  variation  in 
thermal  tolerance  has  been  documented  in  sockeye  salmon 
(Eliason  et  al.,  2011)  and  likely  plays  an  important  role  in 
Chinook  salmon  as  well. 

Individual  Chinook  salmon  use  a  variety  of  behavioral 
adaptations  to  high  temperatures  in  rivers,  such  as  delay¬ 
ing  migration  until  temperatures  decline,  migrating  at 
greater  depths,  and  utilizing  cool  water  refuges  (Berman 
and  Quinn,  1991;  Strange,  2013;  Keefer  and  Caudill,  2016). 
The  Lake  Washington  Chinook  salmon  migrated  near 
the  annual  peak  temperatures,  but  individuals  delayed 
in  the  estuary,  occupied  refuges  in  the  estuary  and  lake, 
and  moved  vertically  during  migrations  in  those  refuges. 
Because  most  Chinook  salmon  entering  fresh  water  in  late 
summer  are  near  sexual  maturity,  a  long  delay  in  migra¬ 
tion  at  high  temperatures  may  result  in  lost  reproductive 
opportunity.  In  contrast,  the  timing  of  steelhead  and  some 
early  arriving  sockeye  salmon  populations  is  more  flexible 
before  spawning,  where  they  may  delay,  seeking  cool  water 
refuge  sites  when  temperatures  are  stressful  (Keefer  et  al., 
2009;  Mathes  et  al.,  2010).  Individual  sockeye  salmon 
may  be  less  adaptable  in  their  response  to  temperatures, 
instead  relying  on  evolved  traits  such  as  earlier  migration 
timing  and  use  of  vertical  stratification  in  lakes  (Hodgson 
and  Quinn,  2002;  Hinch  et  al.,  2012).  The  Lake  Washington 


sockeye  salmon,  studied  by  Newell  and  Quinn  (2005)  using 
methods  similar  to  our  study,  displayed  both  responses, 
entering  prior  to  peak  temperatures,  migrating  rapidly 
through  the  ship  canal,  and  residing  for  extended  periods 
below  the  thermoeline  in  the  lake.  Entry  into  fresh  water 
prior  to  peak  temperatures,  as  observed  in  the  Lake  Wash¬ 
ington  sockeye  salmon,  is  an  example  of  so-called  prema¬ 
ture  migration ,  a  pattern  widely  distributed  in  salmonids 
(Quinn  et  al.,  2016).  In  some  species  and  populations,  this 
pattern  is  related  to  thermal  conditions,  although  other 
factors  are  also  important.  The  use  of  cool  water  below  the 
thermoeline  in  the  lake  by  sockeye  salmon  starkly  con¬ 
trasts  the  vertical  distribution,  hence  thermal  experience, 
of  Chinook  salmon  in  the  Lake  Washington  basin. 

Exposure  to  warm  water  temperatures  and  the  accu¬ 
mulation  of  DD  have  been  correlated  with  prespawning 
mortality  (Crossin  et  a!.,  2008;  Keefer  et  al.,  2009;  Eliason 
et  al.,  2011),  which  can  reach  90%  for  Chinook  salmon  in 
the  upper  reaches  of  the  Willamette  River  (Keefer  et  al., 
2015).  Temperatures  outside  the  acceptable  range  of 
14-20°C  for  Chinook  salmon  can  deplete  energy  that  could 
have  been  used  for  migration,  reproduction,  and  immune 
responses  (Richter  and  Kolmes,  2005;  McCullough  et  al., 
2001;  McCullough  et  al.,  2009).  The  Lake  Washington  Chi¬ 
nook  salmon  accumulated  350-1050  BB,  with  most  hav¬ 
ing  between  500  and  750  DD,  compared  with  700-900  DD 
(maximum:  1500  DD)  for  those  in  the  Willamette  River 
(Keefer  et  al.,  2015).  Lake  Washington  has  gotten  warmer 
in  the  summer  and  fall  over  the  past  5  decades  (Fig.  2), 
and  in  the  future  the  watershed  is  expected  to  see  greater 
increases  in  temperature  than  any  watershed  in  Puget 
Sound  (Mantua  et  al.,  2010).  How  Chinook  salmon  will 
respond  to  this  marked  change  in  water  temperatures  is 
of  concern,  in  part  because  this  population  is  part  of  an 
evolutionarily  significant  unit  listed  as  threatened  under 
the  U.  S.  Endangered  Species  Act  (Federal  Register,  1999). 
Responses  to  warm  water  may  include  genetic  and  pheno¬ 
typic  changes  in  migration  timing  to  avoid  peak  tempera 
tures  or  more  extensive  behavioral  thermoregulation.  Of 
ultimate  concern  is  how  warming  will  affect  the  persistence 
of  the  salmon  populations.  The  temperatures  at  the  upper 
estuary  in  most  summer  months  already  approach  or 
exceed  levels  associated  with  disease  and  energy  depletion 
in  migrating  salmon;  therefore,  en  route  or  prespawning 
mortality  may  result  from  further  increases  (McCullough 
et  al.,  2001;  Crossin  et  al.,  2008).  Cool,  hypolimnetic  water 
will  remain  in  Lake  Washington  if  salmon  can  migrate 
successfully  from  the  locks  through  the  ship  canal.  In  the 
future,  temperatures  could  delay  their  migration  or  fur¬ 
ther  stress  them  prior  to  reaching  the  lake.  Therefore,  if 
water  temperatures  in  Lake  Washington  continue  to  rise, 
the  success  of  migration  and  spawning  by  Chinook  and 
sockeye  salmon  will  likely  be  compromised. 
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The  plural  for  fish  species  is  fishes  (a  contrived  plural 
used  by  taxonomists  to  mean  several  or  more  fish  spe¬ 
cies)  or  one  can  use  fish  species  (which  is  preferred  in 
this  journal  for  clarity  across  disciplines). 

Example :  The  fishes  of  Puget  Sound  [biodiversity  is 
implied]  or 

Example :  The  fish  species  of  Puget  Sound  [preferred 
plural  for  clarity  across  disciplines] . 

•  Crab  and  crabs,  squid  and  squids,  etc. 

The  plural  of  the  word  crab  (i.e.,  many  individuals 
without  regard  to  species)  is  crab. 

Example :  The  crab  were  sorted  by  weight. 

Example:  Many  red  king  crab  were  dying  [Many 
individuals  of  one  species  of  crab.] 

The  plural  of  crab  species  is  crabs  (a  word  used  by  tax¬ 
onomists)  or  crab  species  (the  latter  is  preferred  in  this 
journal  for  clarity). 

Example :  These  crabs  were  selected  for  treatment. 

[Different  crab  species  are  implied.] 

Example-.  These  crab  species  were  selected  for 
treatment.  [Preferred  word  choice  for  clarity  of 
meaning.] 


Example :  Snow  crabs  are  found  throughout  the 
North  Pacific  Ocean  and  Bering  Sea.  [There  are 
2  species  of  snow  crab  and  therefore  the  word  crabs 
can  be  used  here.] 

Example :  Two  species  of  snow  crab  are  found  through¬ 
out  the  North  Pacific  Ocean  and  Bering  Sea.  [Pre¬ 
ferred  usage  for  clarity.] 

Example :  Three  crabs  were  selected  for  treatment. 
[3  species  of  crab  are  implied.] 

Example:  Three  crab  species  were  selected  for  treat¬ 
ment.  [Preferred  word  choice  for  clarity.] 

•  Fisherman  and  fisher 

We  use  fisherman  and  fishermen  in  this  journal  not 
fisher  and  fishers.  One  can  always  use  crew  member, 
vessel  operator,  and  angler  (the  latter  for  recreational 
fishing. 

•  The  definite  article  with  common  names  of  species 

When  the  singular  common  name  of  a  species  repre¬ 
sents  the  entire  class  or  group  to  which  it  belongs,  use 
the  definite  article. 

Example-.  Only  one  species  of  the  genus  Salmo  is 
found  in  the  Atlantic  Ocean — the  Atlantic  salmon 

( Salmo  salar). 

Example:  The  sonic  emissions  of  the  bottlenose  dol¬ 
phin  are  complex. 

For  plural  common  names,  this  rule  does  not  apply. 

Example:  Chinook  salmon  are  found  throughout  the 
Pacific  Ocean. 

Example:  Bottlenose  dolphins  are  found  in  temper¬ 
ate  and  tropical  waters. 

•  Sex 

For  the  meaning  of  male  and  female,  use  the  word  sex, 
not  gender.  Do  not  write  “fish  were  sexed.”  Write,  “sex 
was  determined.” 

•  Participles 

As  adjectives,  participles  must  modify  a  specific  noun 
or  pronoun. 

Example:  Using  mark-recapture  methods,  these 
scientists  determined  the  size  of  the  population. 
[Correct.  The  participle  using  modifies  the  word 
scientists.} 

Example:  These  scientists,  based  on  the  collected 
data,  concluded  that  the  mortality  rate  of  these  fish 
had  increased.  [Incorrect.  The  scientists  were  not 
based  on  the  collected  data.] 

Example:  These  scientists  concluded,  on  the  basis  of 
collected  data,  that  the  mortality  rate  of  these  fish 
had  increased.  [Correct.  The  offending  participle  has 
been  eliminated  and  an  adverbial  phrase  modifies 
the  verb  concluded .] 

Equations  and  mathematical  symbols  should  be  set 

from  a  standard  mathematical  program  (MathType  or 

Equation  Editor).  Equations  formatted  in  LaTex  are 

not  acceptable.  For  mathematical  symbols  in  the  gen¬ 
eral  text  (a,  x2,  re,  ±,  etc.),  use  the  symbols  provided  by 
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the  MS  Word  program  and  italicize  all  variables,  except 
those  variables  represented  by  Greek  letters  and  the 
superscript  and  subscript  parts  of  variables  and  expres¬ 
sions.  Do  not  use  photo  mode  when  creating  these 
symbols  in  the  general  text,  and  do  not  cut  and  paste 
equations,  letters,  or  symbols  from  a  different  software 
program. 

Number  equations  (if  there  are  more  than  one)  for 
future  reference  by  scientists;  place  the  number  within 
parentheses  at  the  end  of  the  first  line  of  the  equation. 

Literature  cited  section  comprises  published  works  and 
those  accepted  for  publication  (in  press)  in  peer-reviewed 
journals.  Follow  the  name  and  year  system  for  citation  for¬ 
mat  in  this  section  (i.e.,  citations  should  be  listed  alpha¬ 
betically  by  the  authors’  last  names,  and  then  by  year  if 
there  is  more  than  one  citation  by  the  same  author.  A  list 
of  abbreviations  for  citing  journal  titles  can  be  found  at 
this  website. 

Authors  are  responsible  for  the  accuracy  and  com¬ 
pleteness  of  all  citations.  Literature  citation  format: 
Authors  (last  name,  followed  by  initials  for  first  name 
and,  if  given,  middle  name  of  first  author;  then  list 
names  of  additional  authors  with  initials  before  last 
names).  Year.  Title  of  article.  Abbreviated  title  of  the 
journal  in  which  it  was  published.  Always  include  either 
the  range  of  page  numbers  (for  a  journal  article)  or  a 
total  number  of  pages  (for  a  book  or  other  type  of  pub¬ 
lication).  List  a  sequence  of  citations  in  the  general 
text  chronologically,  for  example,  “(Smith,  1932:  Green. 
1947;  Smith  and  Jones,  1985).”  Avoid  the  use  of  multiple 
citations  when  a  single  citation  sufficiently  supports  a 
statement;  cite  the  work  that  first  reported  the  informa¬ 
tion  that  supports  a  statement,  not  all  of  the  subsequent 
works. 

Acknowledgments  should  be  no  more  than  6  lines  of 
text.  Only  those  who  have  contributed  in  an  outstanding 
way  should  be  acknowledged  by  name.  For  recognition  of 
other  persons  or  groups,  use  a  general  term,  such  as  crew, 
observers,  or  research  coordinators,  and  do  not  include 
names  with  these  terms. 

Digital  object  identifier  (doi)  code  ensures  that  a  publica¬ 
tion  has  a  permanent  location  online.  A  doi  link  (which 
may  include  a  doi  code)  should  be  included  at  the  end  of 
citations  of  published  literature.  Authors  are  responsi¬ 
ble  for  submitting  accurate  doi  links.  Faulty  links  will  be 
deleted  at  the  page-proof  stage. 

Footnotes  are  used  for  all  documents  that  have  not  been 
formally  peer  reviewed  and  for  observations  and  personal 
communications,  but  these  types  of  references  should  be 
cited  sparingly  in  manuscripts  submitted  to  the  journal. 

All  reference  documents,  administrative  reports,  inter¬ 
nal  reports,  progress  reports,  project  reports,  contract 
reports,  personal  observations,  personal  communications, 
unpublished  data,  manuscripts  in  review,  and  council 


meeting  notes  are  footnoted  in  9-point  font  and  placed 
at  the  bottom  of  the  page  on  which  they  are  first  cited. 
Footnote  format  is  the  same  as  that  for  formal  litera¬ 
ture  citations.  A  link  to  the  online  source  (e.g.,  [Available 
from  http://www...  ,  accessed  July  2017.]),  or  the  mailing 
address  of  the  agency  or  department  holding  the  docu¬ 
ment,  should  be  provided  so  that  readers  may  obtain  a 
copy  of  the  document. 

Tables  are  often  overused  in  scientific  papers;  it  is  seldom 
necessary  to  present  all  the  data  associated  with  a  study. 
Tables  should  not  be  excessive  in  size  and  must  be  cited 
in  numerical  order  in  the  text.  Headings  should  be  short 
but  ample  enough  to  allow  the  table  to  be  intelligible  on 
its  own. 

All  abbreviations  and  unusual  symbols  must  be 
explained  in  the  table  legend.  Other  incidental  com¬ 
ments  may  be  footnoted  with  numeral  footnote  markers. 
Use  asterisks  only  to  indicate  significance  in  statistical 
data.  Do  not  put  a  table  legend  on  a  page  separate  from 
the  table;  place  the  legend  above  the  table.  Do  not  submit 
tables  in  photo  mode. 

•  Note  probability  with  a  capital,  italic  P. 

•  Provide  a  zero  before  all  decimal  points  for  values  less 
than  one  (e.g.,  0.07). 

•  Round  all  values  to  2  decimal  points. 

•  Use  a  comma  in  numbers  of  5  digits  or  more  (e.g., 
13,000  but  3000). 

Figures  must  be  cited  in  numerical  order  in  the  text. 
Graphics  should  aid  in  the  comprehension  of  the  text,  but 
they  should  be  limited  to  presenting  patterns  rather  than 
raw  data.  The  number  of  figures  should  not  exceed  1  fig¬ 
ure  for  every  4  pages  of  text.  Place  panel  labels  A,  B,  C, 
etc.,  within  the  upper-left  area  of  graphs  and  photos.  Avoid 
placing  labels  vertically. 

Figure  legends  should  explain  all  symbols  and  abbrevi¬ 
ations  seen  in  the  figure  and  should  be  double  spaced  on  a 
separate  page  at  the  end  of  the  manuscript. 

Line  art  and  halftone  figures  should  be  saved  at  res¬ 
olutions  >600  dots  per  inch  (dpi)  and  >300  dpi,  respec¬ 
tively.  Color  is  allowed  in  figures  to  show  morphological 
differences  among  species  (for  species  identification),  to 
show  stain  reactions,  to  show  gradations  (such  as  those  of 
temperature  and  salinity  within  maps),  and  to  distinguish 
between  numerous  lines  and  symbols  in  graphs.  Figures 
approved  for  color  should  be  saved  in  CMYK  format. 

All  figures  must  be  submitted  as  PDF,  TIFF,  or  EPS 
files. 

•  Capitalize  only  the  first  letter  of  the  first  word  and 
proper  nouns  in  all  labels  within  figures. 

•  Do  not  use  overly  large  font  sizes  in  maps  and  for  axis 
labels  in  graphs. 
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•  Do  not  use  bold  fonts  or  bold  lines  in  figures. 

•  Do  not  place  outline  rules  around  graphs. 

•  Place  a  north  arrow  and  label  degrees  latitude  and  lon¬ 
gitude  (e.g.,  170°E)  in  all  maps. 

•  Use  symbols,  shadings,  or  patterns  (not  clip  art)  in 
maps  and  graphs. 

Supplementary  materials  that  are  considered  essential, 
but  are  too  large  or  impractical  for  inclusion  in  a  paper 
(e.g.,  metadata,  figures,  tables,  videos,  and  websites),  may 
be  provided  at  the  end  of  an  article.  These  materials  are 
subject  to  the  editorial  standards  of  the  journal.  A  URL  to 
the  supplementary  material  and  a  brief  explanation  for 
including  such  material  should  be  sent  at  the  time  of  ini¬ 
tial  submission  of  the  paper  to  the  journal. 

•  Metadata,  figures,  and  fables  should  be  submitted  in 
standard  digital  format  (MS  Word  or  PDF  file)  and 
should  be  cited  in  the  general  text,  for  example,  as 
“.  .  .  was  determined  (Suppl.  Table  3,  Suppl.  Fig.  1).” 

•  Websites  should  be  cited  with  a  URL  in  the  general 
text. 

•  Videos  must  not  be  larger  than  30  MB  to  allow  a  swift 
technical  response  for  viewing  the  video.  Authors  should 
consider  whether  a  short  video  uniquely  captures  what 
text  alone  cannot  capture  for  the  understanding  of  a 
process  or  behavior  under  examination  in  the  article. 
Supply  an  online  link  to  the  location  of  the  video. 

Copyright  law  does  not  apply  to  Fishery  Bulletin,  which 
falls  within  the  public  domain.  However,  if  an  author 
reproduces  any  part  of  an  article  from  Fishery  Bulletin, 


reference  to  source  is  considered  correct  form  (e.g.,  Source: 
Fish.  Bull.  97:105). 

Failure  to  follow  these  guidelines 
and  failure  to  correspond  with  editors 
in  a  timely  manner  will  delay 
publication  of  a  manuscript. 

Submission  of  manuscript 

Submit  a  manuscript  online  at  the  ScholarOne  Manu¬ 
scripts  website  for  Fishery  Bulletin.  Commerce  Depart¬ 
ment  authors  should  submit  papers  under  a  completed 
NOAA  Form  25-700.  For  further  details  on  electronic 
submission,  please  contact  the  associate  editor,  Cara 
Mayo,  at 

cara.mayo@noaa.gov. 

When  requested,  the  text  and  tables  should  be  submitted 
in  MS  Word  format.  Each  figure  should  be  sent  as  a  sep¬ 
arate  PDF,  TIFF,  or  EPS  file.  Send  a  copy  of  a  figure  in 
the  original  software  if  conversion  to  any  of  these  formats 
yields  a  degraded  version  of  the  figure. 

Questions?  If  you  have  questions  regarding  these  guide¬ 
lines,  please  contact  the  managing  editor,  Kathryn 
Dennis,  at 

kathryn.dennis@noaa.gov. 

Questions  regarding  manuscripts  under  review  should  be 
addressed  to  Associate  Editor  Cara  Mayo. 

Please  note  that  Sharyn  Matriotti  has  retried  after 
serving  for  29  years  as  the  managing  editor  of  Fishery 
Bulletin. 
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